White spruce growth sensitivity to climate variability in pure and mixedwood stands by Chaves Cardoso, Jéssica (author) et al.
 WHITE SPRUCE GROWTH SENSITIVITY TO CLIMATE VARIABILITY 
IN PURE AND MIXEDWOOD STANDS 
 
 
by 
 
 
Jéssica Chaves Cardoso 
 
B.Sc., Federal Rural University of Rio de Janeiro, 2017 
 
 
 
 
 
 
 
 
 
 
 
THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 
MASTER OF SCIENCE 
IN 
NATURAL RESOURCES AND ENVIRONMENTAL STUDIES 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITY OF NORTHERN BRITISH COLUMBIA 
 
April 2020 
 
 
© Jéssica Chaves Cardoso, 2020 
 
II 
 
TABLE OF CONTENTS 
Abstract ................................................................................................................................. VI 
List of Figures: ..................................................................................................................... VII 
List of Tables: .......................................................................................................................... X 
Acknowledgement .............................................................................................................. XIII 
1. Chapter 1: Introduction .................................................................................................. 1 
1.1. Tree and forest responses to climate .............................................................................. 1 
1.2. White spruce growth and climate sensitivity ................................................................. 6 
1.3. Thesis objectives ............................................................................................................ 9 
2. Chapter 2: White spruce growth sensitivity to climate variability in pure and 
mixedwood stands .................................................................................................................. 11 
2.1. Introduction.................................................................................................................. 12 
2.2. Materials and methods ................................................................................................. 16 
2.2.1. Study area description.............................................................................................. 16 
2.2.2. Dendrochronology ................................................................................................... 20 
2.2.3. Microclimate data collection ................................................................................... 21 
2.2.4. Statistical analysis .................................................................................................... 21 
2.3. Results ......................................................................................................................... 26 
2.3.1. Identification of important predictor variables for annual white spruce growth ..... 26 
2.3.2. Annual climate and tree growth relationships using full data set ............................ 28 
2.3.3. Climate and tree growth relationships across the treatments ................................... 31 
2.3.3.1. Annual climate and tree growth relationships across the treatments ....................... 31 
2.3.3.2. Seasonal climate and tree growth relationships across the treatments .................... 35 
2.3.3.3. Monthly climate and tree growth relationships across the treatments ..................... 38 
2.4. Discussion .................................................................................................................... 41 
2.5. Conclusion ................................................................................................................... 46 
3. Chapter 3: White spruce sap flow sensitivity to climate variability in pure and 
mixedwood stands .................................................................................................................. 47 
3.1. Introduction.................................................................................................................. 47 
3.2. Materials and methods ................................................................................................. 52 
3.2.1. Study area description.............................................................................................. 52 
3.2.2. Microclimate data collection ................................................................................... 52 
3.2.3. Sap flow measurements ........................................................................................... 53 
3.2.4. Statistical analysis .................................................................................................... 55 
3.3. Results ......................................................................................................................... 59 
3.3.1. Microclimate and sap flow comparison between the treatments ............................. 59 
3.3.2. Model selection of daily sap flow throughout the growing season ......................... 63 
3.3.3. Model selection of daily sap flow by season ........................................................... 65 
3.3.4. Mixed effect models of sap flow ............................................................................. 67 
3.3.4.1. Climate and sap flow relationships throughout the growing season ....................... 67 
3.3.4.2. Climate and sap flow relationships by season ......................................................... 69 
3.4. Discussion .................................................................................................................... 72 
3.5. Conclusion ................................................................................................................... 75 
III 
 
4. Chapter 4: Conclusions ................................................................................................. 77 
4.1. Main findings and contributions .................................................................................. 78 
4.2. Future research............................................................................................................. 84 
4.3. Concluding remarks ..................................................................................................... 85 
5. Bibliography ................................................................................................................... 86 
6. Appendix 1: Study area ............................................................................................... 101 
7. Appendix 2: Results for Chapter 2 ............................................................................ 107 
7.1. Random Forest (Liaw and Wiener 2002) results ....................................................... 107 
7.2. Mixed effect models: Full data – Annual .................................................................. 115 
7.3. Mixed effect models: Across the treatments – Annual .............................................. 120 
7.4. Mixed effect models: Across the treatments – Seasonal ........................................... 130 
7.5. Mixed effect models: Across the treatments – Monthly ............................................ 133 
7.6. Microclimate comparison between pure spruce and mixedwood treatments by month 
using daily data from 1999 to 2017 ....................................................................................... 136 
8. Appendix 3: Results for Chapter 3 ............................................................................ 138 
8.1. Microclimate comparison between pure spruce and mixedwood treatments by month 
using daily data from 2007 to 2018 ....................................................................................... 138 
8.2. Mixed effect models: throughout the growing season ............................................... 141 
8.3. Mixed effect models: between seasons ..................................................................... 145 
9. Appendix 4: Metadata for Chapter 2 and Chapter 3 ............................................... 153 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV 
 
 
 
The UNBCInstitutional RepositoryNON-EXCLUSIVE  
DISTRIBUTION LICENSE 
 
Summary: The University of Northern British Columbia (UNBC) maintains an open access digital repository for published and 
unpublished material created by members of the UNBC community. By signing this License, you give UNBC the non-exclusive 
right to copy, distribute, and transmit your Submission over the Internet through the UNBC Institutional Repository on the terms 
set out below. Visitors to the UNBC Institutional Repository site will be permitted to use your Submission for non-commercial 
purposes, as set out in greater detail below. You may assign different licensing terms to govern how the UNBC Institutional 
Repository visitors may use your Submission. The rights you grant to UNBC under this License will last in perpetuity. 
References to the UNBC Institutional Repository include any successor repository designated by UNBC. 
 
This License grants UNBC significant rights and contains important limitations on your rights to your work. Please read it 
carefully. 
 
1. Your Submission. Your Submission is the material described below, and includes the abstract, associated 
 
Submission Information 
Title:  White spruce growth sensitivity to climate variability in pure and mixedwood stands 
Author:  Jéssica Chaves Cardoso 
Date: 
(that the Submission was made final/made ready for submission to the UNBC Institutional Repository) 
Copyright Owner(s): 
 
Publication Details (if Submission previously published): 
 
2. Representations and Warranties. You represent and warrant that: [check each box] 
 all information you have provided about the Submission is, to the best of your knowledge and belief, accurate;  
 
  if the Submission has more than one author, all co-authors have approved the Submission and have read and 
agreed to the terms of this License;  
 
 
  if the Submission is based upon work that has been sponsored or supported by an organization other than UNBC, 
you have fulfilled any right of review and any other obligations required by the agreement with such sponsor or 
supporter;  
 
  the Submission is not subject to any publication delays, except those approved in accordance with the UNBC 
Institutional Repository Digital Repository Policies;  
 
 
 to the best of your knowledge, the use and distribution of the Submission as contemplated in this License will not 
infringe the copyright or any other intellectual property rights of any other person;  
 
 if the Submission contains material for which you do not hold copyright and which is not in the public domain,  
I. you are validly exercising an exception to copyright infringement in accordance with the Copyright 
Act, or you have obtained the permission of the copyright owner(s) to use the material as 
contemplated in this License and retained records of such permission; and  
II. that such third-party owner material is clearly identified and acknowledged within the text or content 
of the Submission;  
 
 the Submission does not contain any confidential or proprietary information belonging to others; and the 
Submission does not, to the best of your knowledge and belief, contain any libelous or other unlawful matter and 
does not violate anyone’s right to privacy.  
 
You acknowledge that the UNBC Institutional Repository staff have not and will not independently review the Submission and that UNBC 
is relying upon the representations and warranties you have made above.  
If, at any time hereafter, you learn that any of the foregoing statements are inaccurate, you must contact the UNBC Institutional 
Repository immediately. 
V 
 
3. Grant of License. In consideration of UNBC preserving your Submission in perpetuity in the UNBC Institutional Repository, 
you hereby grant to UNBC the non-exclusive, world-wide, perpetual, and royalty-free right to use, reproduce, display, convert, 
sublicense and distribute, in any format and any medium, your Submission, for the following purposes:  
a) uploading and storing your Submission;  
b) publishing the Submission electronically Internet via the UNBC Institutional Repository, which means making your 
Submission available to the public by telecommunication so that they may view and download your Submission, subject to 
the public access terms described in Section 5;  
c) converting your Submission to any medium or format for the purposes of security, back-up, preservation and use of the 
submission in accordance with this License; and  
d) authorizing third-parties to perform any of UNBC’s rights described in this Section, on UNBC’s behalf. If you are 
submitting a graduate thesis or dissertation, your grant of rights described above is irrevocable.  
 
If you are submitting a graduate thesis or dissertation, your grant of rights described above is irrevocable and includes, for 
greater certainty, UNBC authorizing Library and Archives Canada to copy, display, publish, communicate, archive, convert into 
any format, and make your thesis or dissertation available to the public online or in paper form, all for noncommercial purposes.  
 
 
4. Publication of your Submission. This License does not affect the ownership of copyright—you maintain whatever rights you 
have in the Submission. In addition, this License does not contain a waiver of your moral rights to your Submission. However, 
you have granted important rights to UNBC and visitors to the UNBC Institutional Repository, and, therefore, you agree that if 
you grant others copyright ownership or a license, it will be consistent with the rights you have granted under this License. For 
example, if you wish to publish your Submission in a journal, you will inform the publisher of the rights you have granted under 
this License and not agree to terms that restrict those rights.  
 
 
5. Terms of Access by the Public. UNBC will make a digital copy of your Submission available in the UNBC Institutional 
Repository for the public to view and copy for non- commercial purposes only, without prior permission or charge, provided that 
your Submission is not altered in any way and is properly acknowledged, including citing the author(s), title and full 
bibliographic details. (Note: this corresponds to the Attribution-Non Commercial-No Derivatives, or CC BY-NC-ND Creative 
Commons license) UNBC may, in its discretion, make your Submission available pursuant to a Creative Commons license (or 
other licensing platform), on similar terms. If you wish to assign different license terms to your Submission (for example, a 
different Creative Commons license), you must inform the UNBC Institutional Repository as part of the submission process to 
the UNBC Institutional Repository, and the terms of that license shall apply to your Submission. Public access to your 
Submission may be withheld for an agreed upon period of time: see the UNBC Institutional Repository Digital Repository 
Policies for applicable policies and processes.  
 
 
6. Attribution. UNBC will attribute the Submission as you have indicated in Section 1 or as you may notify UNBC from time to 
time, and not alter the Submission except as allowed by this License or with your prior permission.  
 
 
7. The UNBC Institutional Repository Digital Repository Policies. You acknowledge and agree that you have read and 
understood the UNBC Institutional Repository Digital Repository Policies, and that your Submission complies with those 
policies. You acknowledge that the UNBC Institutional Repository Digital Repository Policies may be amended from time to 
time and that the then current policies will apply to your Submission. In particular, you acknowledge and agree to the policies 
regarding UNBC’s right to withdraw public access to your Submission.  
 
 
8. Release and Indemnification. You agree that you will not hold UNBC responsible for any use or misuse of your Submission by 
third- parties who access the Submission through the UNBC Institutional Repository. You agree to indemnify and hold UNBC 
harmless against any loss, damage, claim, liability, settlement cost or expense (including legal fees) incurred by UNBC and 
arising out of or in connection with UNBC’s use of your Submission pursuant to this License, and, for greater certainty, any of 
the statements in Section 2 being inaccurate.  
 
I have read, understand and agree to the terms set out in this License. This License may be delivered and/or stored by electronic means, and 
such electronic copy delivered to and stored by UNBC will be deemed to be the official record of this License. 
 
 
 
Date: ______________________ 
 
 
Signature: ____________________________   Print Name: ____________________________________ 
VI 
 
Abstract 
I studied how microclimate variables influence the growth of white spruce trees 
(Picea glauca (Moench) Voss) in pure and mixedwood stands in north-eastern British 
Columbia. My key finding is that stand composition and structure are essential determinants 
of how spruce radial growth and sap flow respond to fluctuations in climate variables. A 
combination of warmer temperatures and drought during summer will negatively affect white 
spruce trees growth in pure and mixedwood stands in the studied region. Spruce sap flow in 
both stand types is likely to increase as the climate warms, increasing the demand for soil 
water. White spruce growing in mixedwood stands might be more sensitive to drought stress 
than in pure stands due to the higher competition for limiting resources (primarily water). I 
provide information that will be useful in modeling and managing these stands across 
western Canada under current and future climate conditions.  
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1. Chapter 1: Introduction 
 
1.1. Tree and forest responses to climate 
Forest composition, growth and dynamics are influenced by weather and climate 
through a variety of demographic, physiological, and ecosystem functions (Bonan 2002). 
Climatic warming during the past century has led to a variety of responses by forest 
ecosystems, such as changes in forest growth (Barber et al. 2000), carbon balances (Piao et 
al. 2008, Arnone III et al. 2008), and phenology (Cleland et al. 2007). Northern sub-boreal, 
boreal and subarctic regions (Lloyd et al. 2002, Lloyd and Fastie 2003) have experienced 
some the largest warming impacts. In many areas, warming has been responsible for changes 
in the hydrological balance leading to severe levels of summer drought (van Mantgem et al. 
2009). Climate change is projected to continue to increase in the future (McCarthy et al. 
2001, Cooper et al. 2002), with projected large impacts on forest ecosystems (Hamann and 
Wang 2006, Cleland et al. 2007, Piao et al. 2008, Price et al. 2013, Luo and Chen 2015). 
Gaining a better understanding of how trees and forest ecosystems respond to climate drivers 
will provide important information to forest managers that will hopefully allow them to 
develop improved adaptation or mitigation strategies. 
Boreal forests cover approximately one-third of the global forest area and contain half 
of the global forest carbon (Jiang et al. 2016). Climate change will play an important role in 
the way forests will be managed in the future, even more for the boreal forests due to their 
extent and role in global carbon dynamics. Canada has 34% of its territory covered with 
forests, approximately 17% of global forest lands (FAO 2016). Forests are the dominant C-
absorbing component in the Northern Hemisphere (Pan et al. 2011). On the other hand, 
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forestry, a major component of Canada’s economy (FAO 2016), is one of the major 
contributors to carbon emissions (Le Quéré et al. 2009), and global demands for forest 
commodities are not likely to reduce. To avoid forest declines and an associated reductions in 
forest ecosystem services (e.g. timber, carbon storage, and water regulation), forest 
management practices need to adapt the forest to the ongoing environmental changes. 
Projected changes in climate will likely pose challenges for forest management and 
conservation (Elliott et al. 2015), and will influence tree growth (Goldblum and Rigg 2005, 
Lloyd et al. 2013). Global warming from 2016-2035 is projected to result in temperature 
increases between 0.3 to 0.7°C (IPCC 2013). Boreal forests are predicted to be especially 
sensitive and vulnerable to changing climates. In Canada, climate has warmed and is 
projected to warm further in the future, with increases in annual and seasonal temperature 
over the country (Flato et al. 2019). Projections for 2055 in the Northeast Region of British 
Columbia (Foord 2016), Canada, indicated an increase in mean annual temperature by 3.3°C, 
with minimum temperatures increasing more than maximum temperatures. The number of 
growing degree-days and the number of frost-free days are also projected to increase. Mean 
annual precipitation is projected to increase by 10%, but precipitation as snow may decrease 
by 10%. Despite the increase in summer precipitation, evaporation and climate moisture 
deficit will increase as temperatures increase (Foord 2016).  
Altered precipitation and warming air will possibly result in changes in tree growth 
rates, mortality rates and species interactions (Konar et al. 2010, Zolkos et al. 2015). Changes 
in climate will also have economic and ecological impacts resulting from events such as 
drought-related mortality of forest trees, increased severity of fire, insect and disease 
epidemics (Woods et al. 2005). Due to the ecological and economic importance of forests, 
studies on forests response to climate change are very important. Even though many studies 
3 
 
have examined climate change effects on forests, there are still uncertainties regarding how 
forests will respond to future climate. To better project how forests will develop, we need to 
improve our understanding of how they grow, particularly under novel future climate 
scenarios. 
The study of tree growth has been a focus of scientific research for a long time, with 
the first attempts in the form of yield tables in the early 19th century (Rohner et al. 2013). 
Such studies have demonstrated the many ways that climate variables influence tree growth. 
For example, Harley et al. (2011) studying slash pine growth in the United States found that 
annual growth of slash pine is primarily influenced by water availability during the growing 
season. Temperatures have a strong relationship with growth for white spruce, lodgepole 
pine, and subalpine fir in British Columbia (B.C.) (Miyamoto et al. 2010). Researching 
individual tree growth response to current climate will provide information about their 
response to expected changes in climate and disturbances such as drought stress.  
Drought-induced water stress has been identified as one of the main contributors of 
widespread tree mortality, and growth decline in the western boreal forests of Canada (Hogg 
et al. 2008, Ma et al. 2012). Drought conditions can lead to a reduction in the extent of 
annual wood formation (Lautner 2013). Xylem cells may not expand fully because of the 
lack of turgor pressure under water-deficit conditions (Steppe et al. 2015, Deslauriers et al. 
2016). Balducci et al. (2015) revealed a lower wood density formed in black spruce seedlings 
during droughts, reflecting a lower carbon allocation to cell wall formation, resulting in a 
hydraulic system that is less able to cope with drought.  
Studying which climatic variables are the most influential for tree growth will better 
allow researchers and forest managers to project how trees will develop in the current and 
future climate conditions. Studies have projected tree growth response to future climate based 
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in the past and current tree sensitivity to climate variables such as temperature and 
precipitation. For example, a study on jack pine trees indicated that air temperature is a better 
predictor of height growth than precipitation in eastern Canada and the United States 
(Thomson and Parker 2008), whereas in B.C., Cortini et al. (2011) found that monthly 
temperature and precipitation are both effective in predicting lodgepole pine (Pinus contorta 
Dougl. ex Loud. var. latifolia) diameter growth. Elliott et al. (2015) found that hydroclimatic 
variability influences the growth of eastern deciduous trees in the United States; suggesting 
that if precipitation distributions change in the future, growth loss may be significant.  
Tree growth responses to climate vary among species (e.g. Rehfeldt et al. 1999, 
Miyamoto et al. 2010, Messaoud and Chen 2011, Legendre-Fixx et al. 2017). Some species 
are more sensitive to climate or combinations of climatic variables than others (Clark et al. 
2012). Furthermore, species under the same climatic conditions may differ in their growth 
response according to site conditions (Elliott et al. 2015), such as soil type, slope position and 
forest composition. A study conducted in southern interior British Columbia (B.C.), Canada, 
showed that tree-ring width for all three species (Douglas-fir, lodgepole pine, and hybrid 
white spruce) was primarily affected by climate variables from the year previous to the 
growing season and only secondly by current year conditions; however, the critical months 
varied between species and altitudes (Lo et al. 2010). Goldblum and Rigg (2005) found 
differences in tree-ring sensitivity to monthly climate signals between the three species at the 
deciduous-boreal forest ecotone in Canada. As the tree growth responses to climate differ 
between species, the capacity to adapt to climate change is also expected to vary among 
species. Besides climate, other site conditions such as stand dynamics, competition, and 
silvicultural practices (e.g. brushing, spacing, and thinning), can also influence tree growth 
(Lo et al. 2010, Linderholm and Linderholm 2014).   
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Competition is also a significant process driving forest dynamics (Coomes and Allen 
2007, Kunstler et al. 2011, Sánchez-Salguero et al. 2015), and can influence how tree growth 
responds to climate (Weber et al. 2008, Ruiz-Benito et al. 2013, Lebourgeois et al. 2014, 
Madrigal-González and Zavala 2014, Fernández-de-Uña et al. 2015, Trouvé et al. 2015). For 
example, Sánchez-Salguero et al. (2015), studying the effects of competition and climate on 
three Scots pine stands in Spain, found that tree growth sensitivity to climate increased with 
decreasing competition intensity. Climate change may intensify the effects of competition 
(Metsaranta and Lieffers 2008, Luo and Chen 2015), which makes competition very 
important in modeling how forests will respond to changes in climate. The increase in 
average temperature, for example, may result in increased competition from other species 
better suited to warmer climates (Spittlehouse 2008). Thus, the study of tree growth response 
to climate should take into account species differences and their site conditions.  
It is still unclear how mixewood stands influence tree growth under drought stress 
compared with their performance in a pure stand (Pretzsch et al. 2010, Richards et al. 2010). 
Studies show that mixedwood stands frequently improve resource supply, resource uptake, 
and resource use efficiency, as a result, also tree and stand growth (Kelty 1992, Richards et 
al. 2010). Niche complementarity can decrease competition for resources in mixedwood 
versus pure stands (Morin et al. 2011). Another advantage is that trees species in mixedwood 
stands can interact in such a way that one species exerts a positive effect and facilitates the 
other species. An example of facilitation is the hydraulic lift by one species with the benefit 
of water supply to the other (Brown et al. 2014). The stress-gradient theory hypothesizes that 
facilitation prevails on poor sites, whereas on rich sites competition prevails (Callaway and 
Walker 1997). Thus, the study of interactions among species in different site conditions are 
essential for understanding, managing, and forecasting growth of forest stands. 
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1.2. White spruce growth and climate sensitivity 
White spruce (Picea glauca (Moench) Voss) is found in all forested regions of 
Canada except on the Pacific Coast. It is common in northern forests, occurring on a variety 
of soils and under a wide range of climatic conditions (Nienstaedt and Zasada 1990, Farrar 
1995), usually sharing the forest environment with trembling aspen, white birch, black 
spruce, and balsam fir. White spruce trees are very important for the production of wood pulp 
and lumber, and frequently planted for landscape and forestry purposes (Farrar 1995). White 
spruce stands are a source of cover and food for many species such as moose, hares, red 
squirrels, and spruce grouse, and have considerable value in maintaining soil stability and 
watershed, and for recreation (Nienstaedt and Zasada 1990). White spruce is one of the most 
productive and widespread forest types in Canada. Any climate-related change in white 
spruce growth is likely to be an important factor in carbon sequestration in the boreal forest, a 
region considered one of the planet’s major carbon sinks (Barber et al. 2000).  
There are still uncertainties of how white spruce tree growth will respond to climate 
change, but studies suggest that it will vary over a gradient of local climatic conditions 
(Miyamoto et al. 2010). Goldblum and Rigg (2005) found that white spruce is likely to 
benefit less in growth compared to sugar maple and balsam fir in a deciduous–boreal forest 
ecotone in Ontario. They project that white spruce will experience a slight increase in growth 
rate as a positive response to increasing winter temperatures and a decrease in growth rate as 
negative response (January and February) to increasing winter precipitation. They identified 
that only in September and April, both temperature and precipitation responses were positive 
to white spruce growth, with the response during the remaining months being mixed (i.e. 
negative or positive).  
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Declining growth and increased mortality of spruce in boreal forests have generally 
been attributed to drought stress (Barber et al. 2000, Lloyd and Fastie 2003), and drought 
stress is expected to increase, especially during summer, based in climate projections. 
Productivity of pure spruce stands was found to increase from 40% to 60% in the absence of 
drought, whereas in the presence of drought it declined by 20% or more (Johnston and 
Williamson 2005). Spruce is identified as isohydric, which means that water consumption 
and growth are reduced in the early phases of drought stress through stomata closure (Zang et 
al. 2012, Pretzsch et al. 2013, Sullivan et al. 2017), increasing the probability of carbon 
starvation (McDowell 2011, Kulaç et al. 2012). 
Spruce growing in mixedwood stands might be more sensitive to drought stress 
compared to pure stands due to higher competition for limiting resources (primarily water). 
Unwanted vegetation could become a stronger competitor for water in white spruce stands 
(Weber et al. 2008). In the boreal zone of B.C., the height growth of white spruce in for 
future period 2005-2035 could potentially increase by around 3% on average where 
vegetation control or mechanical site preparation is applied, whereas white spruce growth in 
untreated stands (i.e. no site preparation or vegetation control) may suffer decreases in height 
of up to 10% due to increased drought stress and shading (Cortini et al. 2011). Another study 
in boreal mixtures of western Canada concluded, based on current global warming trends, 
that an aspen canopy could limit the response of spruce to temperature increases due to light 
limitations, and may be more competitive for water and light compared to past climates 
(Cortini et al. 2012). However, tree growth under water stress in pure versus mixedwood 
boreal stands is not well explored and understood. 
Previous studies found that stand composition and structure influences the availability 
of resources such as water and light throughout the year. The redistribution of soil water by 
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aspen (Populus tremuloides Michx.) root systems improves rooting-zone soil moisture 
conditions (Brown et al. 2014), which can benefit spruce planted under established aspen 
(Kabzems et al. 2016). Mixed species stands comprised of trees capable of hydraulical 
redistribution have the potential to maintain high transpiration rates during periods of water 
shortage (i.e. low rainfall periods) (Brown et al. 2014). Canopy openings resulting from the 
senescence of deciduous trees in a mixed stand allow for the release of more shade-tolerant 
slow growing conifers (Brassard and Chen 2006). Thus, studies of spruce growth sensitivity 
to climate under different forest composition and structure are essential to better project 
spruce trees growth under current and future climate conditions.  
Past research has generally demonstrated that white spruce growth is climate sensitive 
(Cortini et al. 2011, Lloyd et al. 2013). For example, Lloyd et al. (2013) found that total 
precipitation during the previous summer and late winter seasons had a great influence on 
white spruce growth in interior Alaska. Studies indicate that annual temperature and 
precipitation influence white spruce growth and survival (Barber et al. 2000, Cortini et al. 
2011, Lloyd et al. 2013, Lu et al. 2014). Temperature and precipitation are two factors that 
can predict up to 45% of the variation in white spruce growth (Cortini et al. 2011). Better 
growth rates were found with cooler, wetter years (Lloyd et al. 2013), and growth declines 
were more common in warmer and drier parts of the boreal forest (Lloyd and Fastie 2003).  
Few studies examined how climate influences tree growth over a very fine time scale. 
Herrmann et al. (2016) revealed that changes in a tree’s stem circumference can be vary with 
its water status, and that the amplitude of daytime shrinkage of the stem circumference was 
significantly correlated with climate variables, sap flow, and evapotranspiration. The study of 
the influence of climate variability on tree diameter on time scales of minutes to years can 
provide important information for forest management. While many studies focus on finding 
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the climate variables that most influence annual tree growth, we know little about how spruce 
growth responds to inter- and intra-annual variation in climate and if the response varies with 
stand composition and structure. Furthermore, questions still remain about how inter and 
intra-annual variation in climate variables influence white spruce growth in pure and 
mixedwood stands in British Columbia and western Canada. 
 
1.3. Thesis objectives 
The purpose of this study was to examine how individual white spruce trees (Picea 
glauca (Moench) Voss) are influenced by climate variables over short and intermediate time 
periods in two different stand structures: pure white spruce stands and mixedwood stands 
(white spruce, green alder, willow, and aspen). The study area is located north of Fort St. 
John, B.C.. Specific objectives were as follows: 
1. To analyze annual white spruce growth sensitivity to annual microclimate variables. 
2. To analyze annual white spruce growth sensitivity to annual, seasonal and monthly 
microclimate variables in pure white spruce stands versus mixedwood stands. 
3. To analyze white spruce sap flow sensitivity to microclimate variables throughout the 
growing season. 
4. To analyze white spruce sap flow sensitivity to microclimate variables throughout the 
growing season and between seasons in pure a white spruce stand versus a 
mixedwood stand. 
In addition to this introductory chapter, this thesis contains two data chapters written 
as manuscripts that address the above questions, and a concluding chapter where data 
chapters are synthesized. In the first data chapter (Chapter 2), I tackle the first and second 
objective utilizing dendrochronology studies and microclimate data obtained from an on-site 
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station. In the second data chapter (Chapter 3), I tackle the third and fourth objectives, 
utilizing sap flow measurements and microclimate data obtained from an on-site station. 
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2. Chapter 2: White spruce growth sensitivity to climate variability in pure and 
mixedwood stands 
 
Abstract: Projected changes in climate will likely influence tree growth and stand dynamics, 
and pose challenges for forest management and conservation. To better project how forests 
will develop, we need to improve our understanding of how trees grow, particularly under 
novel future climate scenarios. Past research has demonstrated that white spruce (Picea 
glauca (Moench) Voss) is climate sensitive. However, questions remain about how inter- and 
intra-annual variations in climate variables influence annual spruce growth and whether stand 
composition and structure can modify the realized microclimate conditions and the trees’ 
responses to weather stress. Using data from 1999 to 2017, I evaluated the importance and 
the influence of annual, seasonal and monthly microclimate variables on the annual growth 
of white spruce trees in pure and mixedwood stands located at the Inga Lake site, in north-
eastern British Columbia. First, I used Random Forest analyses to identify which climate 
variables were most important to predict tree growth using the full data set, and each 
treatment individually. Second, the best climate predictor variables were evaluated by fitting 
tree growth to selected explanatory variables using a linear mixed effect model framework. 
The order of importance of microclimate variables differed between pure and mixedwood 
stands. Annual rainfall, soil water potential (SWP) in the spring and summer, air temperature 
in May, and soil water potential in August, were found to impact tree growth, but the relative 
importance and direct effects (positive or negative) of each variable differed between pure 
and mixedwood stands. The influences of air temperature and SWP varied throughout the 
year. Warm springs increased spruce growth, and warm summers decreased spruce growth in 
both stand types. Spruce growth in pure stands had a positive relationship with soil water 
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potential during spring and summer, while spruce growth in the mixedwood stands had a 
negative relationship. In both stand types, a combination of warmer temperatures and drought 
during summer is likely to decrease wood production. 
Keywords: Tree growth, climate variability, white spruce, drought. 
 
2.1. Introduction 
Projected changes in climate will likely pose challenges for forest management and 
conservation (Elliott et al. 2015), and will influence tree growth (Goldblum and Rigg 2005, 
Lloyd et al. 2013). Boreal forests are predicted to be especially sensitive and vulnerable to 
changing climates. In Canada, the climate has warmed and is projected to warm further in the 
future, with increases in annual and seasonal temperatures over the country (Flato et al. 
2019). Projections for 2055 in the Northeast Region of British Columbia (Foord 2016), 
Canada, indicated an increase in mean annual temperature by 3.3°C, with minimum 
temperatures increasing more than maximum temperatures. The number of growing degree-
days and the number of frost-free days are also projected to increase. Mean annual 
precipitation is projected to increase by 10%, but precipitation as snow may decrease by 
10%. Despite the increase in summer precipitation, evaporation and climate moisture deficit 
will increase as air temperatures increase (Foord 2016).  
Due to the ecological and economic importance of forests, studies of forest response 
to climate change are very important. Even though many studies have examined climate 
change effects on forests, there are still uncertainties regarding how forests will respond to 
future climate. To better project how forests will develop, we need to improve our 
understanding of how they grow, particularly under novel future climate scenarios. 
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The study of tree growth has been a focus of scientific research for a long time, with 
the first attempts in the form of yield tables in the early 19th century (Rohner et al. 2013). 
Such studies have demonstrated the many ways that climate variables influence tree growth. 
For example, Harley et al. (2011) studying slash pine growth in the United States found that 
annual growth of slash pine is primarily influenced by water availability during the growing 
season. Temperatures have a strong relationship with growth for white spruce, lodgepole 
pine, and subalpine fir in British Columbia (B.C.) (Miyamoto et al. 2010). Researching 
individual tree growth response to current climate will provide information about their 
response to expected changes in climate and disturbances such as drought stress.  
Drought-induced water stress has been identified as one of the main contributors of 
widespread tree mortality, and growth decline in the western boreal forests of Canada (Hogg 
et al. 2008, Ma et al. 2012). Drought conditions can lead to a reduction in the extent of 
annual wood formation (Lautner 2013). Xylem cells may not expand fully because of the 
lack of turgor pressure under water-deficit conditions (Steppe et al. 2015, Deslauriers et al. 
2016). Balducci et al. (2015) revealed a lower wood density formed in black spruce seedlings 
during droughts, reflecting a lower carbon allocation to cell wall formation, resulting in a 
hydraulic system that is less able to cope with drought.  
Studying which climatic variables are the most influential on tree growth will better 
allow researchers and forest managers to project how trees will develop in the current and 
future climate conditions. Studies have projected tree growth response to future climate based 
in the past and current tree sensitivity to climate variables such as temperature and 
precipitation. For example, a study on jack pine trees indicated that air temperature is a better 
predictor of height growth than precipitation in eastern Canada and the United States 
(Thomson and Parker 2008), whereas in B.C., Cortini et al. (2011) found that monthly 
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temperature and precipitation are both effective in predicting lodgepole pine diameter 
growth. Elliott et al. (2015) found that hydroclimatic variability influences the growth of 
eastern deciduous trees in the United States; suggesting that if precipitation distributions 
change in the future, growth loss may be significant.  
Tree growth responses to climate vary among species (e.g. Rehfeldt et al. 1999; 
Miyamoto et al. 2010, Messaoud and Chen 2011, Legendre-Fixx et al. 2017). Some species 
are more sensitive to climate or combinations of climatic variables than others (Clark et al. 
2012). Furthermore, species under the same climatic conditions may differ in their growth 
response according to site conditions (Elliott et al. 2015), such as soil type, slope position and 
forest composition. For example, a study of the effects of competition and climate on three 
scots pine stands in Spain, indicated that tree growth sensitivity to climate increased with 
decreasing competition intensity (Sánchez-Salguero et al. 2015). Climate change may 
intensify the effects of competition (Metsaranta and Lieffers 2008, Luo and Chen 2015). The 
increase in average temperature, for example, may result in increased competition from other 
species better suited to warmer climates (Spittlehouse 2008). Thus, the study of tree growth 
response to climate should take into account individual species and their site conditions. 
Studies indicate that annual temperature and precipitation influence white spruce 
growth and survival (Barber et al. 2000, Cortini et al. 2011, Lloyd et al. 2013, Lu et al. 2014). 
Temperature and precipitation are two factors that can predict up to 45% of the variation in 
white spruce growth (Cortini et al. 2011). Better growth rates were found with cooler, wetter 
years (Lloyd et al. 2013), and growth declines were more common in warmer and drier parts 
of the boreal forest (Lloyd and Fastie 2003). There are still uncertainties of how white spruce 
tree growth will respond to climate change, but studies suggest that it will vary over a 
gradient of local climatic conditions (Miyamoto et al. 2010). In the boreal zone of B.C., the 
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height growth of white spruce in for future period 2005-2035 could potentially increase by 
around 3% on average where vegetation control or mechanical site preparation is applied, 
white spruce growth in untreated stands (i.e. no site preparation or vegetation control) may 
suffer decreases in height of up to 10% due to increased drought stress (Cortini et al. 2011).  
While many studies focus on the relationship between annual climate variables and 
annual spruce growth, we know little about how annual spruce growth responds to within 
year climate variability and if the response varies with stand composition and structure. 
Furthermore, questions remain about how inter and intra-annual variations in climate 
variables influence annual white spruce growth in British Columbia and western Canada. 
Therefore, the objectives of this study were to: 
1. Identify the important annual microclimate variables influencing annual white spruce 
growth. 
2. Determine the relationships between annual microclimate variables and annual white 
spruce growth. 
3. Identify the important annual, seasonal and monthly climate variables influencing 
annual white spruce growth in pure white spruce stands versus mixedwood stands. 
4. Determine and compare the relationships between annual, seasonal and monthly 
climate variables and annual white spruce growth in pure white spruce stands versus 
mixedwood stands. 
 
By assessing individual white spruce growth responses to climate in the pure and 
mixedwood stands, I provide information that will be useful in modeling and managing these 
stands across western Canada under current and future climate conditions.  
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2.2. Materials and methods 
2.2.1. Study area description 
The Inga Lake research site (56°37’N, 121°38’W) is located 60 km northwest of Fort 
St. John, British Columbia, in the Peace variant of the moist warm subzone of the Boreal 
White and Black Spruce zone (BWBSmw, Delong et al. 2011) (Figure 2.1). Slope ranges 
from 0 to 15% and aspect is variable on gently rolling terrain. Mean elevation at the site is 
890 m above sea level. The soils are Orthic Gray or Gleyed Solonetzic Gray Luvisols with 
approximately 15% coarse fragments and silt loam to clay loam soil textures (Lord and 
Green 1973). The soil moisture regime (SMR) grades from mesic (occasionally submesic) in 
upper and mid-slope positions to subhygric in lower slope positions, and soil nutrient regime 
(SNR) is medium to rich. Forest floor depth estimated prior to treatment installation was 5 
cm (Powelson et al. 2016). 
 
Figure 2.1 Study area location with Prince George and Fort St. John as references. Map created using 
ESRI ArcGIS software.  
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The cold, continental climate has mean annual temperatures of 1.5°C, mean annual 
precipitation of 483 mm, mean summer precipitation of 309 mm, precipitation as snowfall 
143 mm, and average frost-free period of 99 days (Delong et al. 2011, Wang et al. 2011, 
Powelson et al. 2016). There is no harvest history for this site, but it was periodically burned 
by ranchers until the 1950s to improve grazing, a practice that contributed to the development 
of abundant willow (Salix spp.) and green alder (Alnus crispa [Ait] Pursh) (Powelson et al. 
2016).  
The Inga Lake study site was installed in 1987 to study the effects of silvicultural site 
preparation on white spruce establishment and growth. The Inga Lake site supported well-
established shrub-dominated plant communities prior to installation of the experimental 
treatments. In the winter of 1986-1987, an area of approximately 20 ha was mechanically 
sheared with a brush blade mounted on a crawler tractor to remove above-ground vegetation. 
Vegetation was piled into windrows, leaving the site free of woody vegetation when the 
experimental treatments were installed. 
In the spring of 1987 the experiment was laid out as a randomized block design with 
5 blocks (A, B, C, D, and E) following a topographic sequence from well-drained hilltop 
(Block A, submesic to mesic) to a moist toe-slope position (Block E, subhygric). Then, eight 
site preparation treatments were randomly applied to treatment plots (Appendix 6, Figure 
6.1). I investigated two of these experimental treatments: a mixedwood treatment (MW) and 
pure white spruce treatment (PS), each with five replications (plots). The mixedwood 
treatment includes the plots A3, B7, C8, D1 and E7; and the pure white spruce treatment 
includes the plots A2, B1, C5, D4 and E1 (Appendix 6, Figure 6.2 and 6.3).  
In the first week of June 1988, each replication was planted with 48 two-year-old 
white spruce seedlings (PSB 313 2+0 stock), totaling 240 white spruce seedlings in each 
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treatment. In each replication, the 48 trees were tagged using a unique identification, and 
were on average, 23 cm tall and 0.4 cm in diameter at the time of planting. Seedlings were 
planted to the root collar without screefing. Alder (Alnus crispa [Ait] Pursh), willow (Salix 
spp.) and aspen (Populus tremuloides Michx.) trees resprouted vigorously following winter 
shearing on all treatment plots. Shapes and sizes of the replicate plots were somewhat 
variable; but all were approximately 0.052 ha.  
In the PS treatment, glyphosate (Vision R) was broadcast applied at a rate of 2.14 kg 
acid equivalent per hectare (ae/ha) in August 20, 1990. However, the treatment failed to 
control willow, which had been defoliated by insects in the year of herbicide application. 
Manual cutting treatments were subsequently applied 4, 6, 8, 9, 11, and 14 years after 
planting to remove competing vegetation. More details of the Inga Lake study area, 
experimental design and establishment can be found in Powelson et al. (2016). Inventory of 
all spruce trees planted in each plot in 2018 showed significant differences between the two 
treatments, for example, the mean spruce basal area of all plots in the PS was 26.6 m2/ha, 
whereas in the MW it was 3.8 m2/ha (Table 2.1). 
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Table 2.1 Detailed information on white spruce trees in each plot of pure spruce and mixedwood 
treatments from an inventory in 2018 of all spruce trees in each plot. As with other information in this 
table, the basal area is for live white spruce trees only, excluding the broadleaves.  
  Measurements of White Spruce Trees 
  Density 
(stems/ha) 
Survival 
(% alive) 
Mean 
height (cm) 
Mean 
DBH (cm) 
Basal area 
(m2/ha) 
Treatment Plot Alive Dead 
Pure Spruce A2 1152 50 96% 1107 17.1 27.3 
 B1 1274 85 94% 1058 16.0 27.0 
 C5 1110 159 88% 971 15.6 21.7 
 D4 1178 201 85% 1153 17.5 29.2 
 E1 1207 140 90% 1146 16.8 27.7 
Mixedwood A3 691 817 46% 351 4.8 1.3 
 B7 1216 501 71% 601 6.9 5.5 
 C8 1004 171 85% 749 9.2 7.5 
 D1 841 505 63% 349 4.1 1.1 
 E7 1070 357 75% 554 6.2 3.8 
 
In 2018, the MW treatment was dominated by 8 to 12 m tall willow and aspen canopy 
overtopping 4 to 6 m tall planted spruce. The pure spruce treatment had a closed canopy of 
white spruce over 10 m tall, with a very minor presence of tall shrubs or other tree species 
(Haeussler et al. submitted). In August of 2018, I measured the diameter at breast height 
(DBH) of all the trees located in circular neighborhood plots with radii of 5.98 m (0.011 ha) 
centered on eleven selected trees in plot A2 and four trees in the plot A3. I calculated basal 
area of each species and the total basal area of all species, spruces, and deciduous for each 
circular neighborhood plot using these measurements (Appendix 6, Table 6.1). I calculated 
the mean and standard deviation (SD) of the total basal area of the circular neighborhood 
plots for the basal area of each plot (Table 2.2). Total basal area of all species in the two plots 
were similar, but with different species composition.  
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Table 2.2 Mean and standard deviation (SD) for the total basal area of all species, spruces and 
deciduous trees for plots A2 and A3 using the total basal area calculated in each circular 
neighborhood plots. Basal area (m2/ha) calculated using the diameter at breast height (DBH) of all the 
trees located in a circular neighborhood plot (N) of a radius of 5.98 m (0.011 ha) centered on selected 
eleven trees in the plot A2 and four trees in the plot A3 in August of 2018.  
   Basal (DBH) area (m2/ha) 
   Total (all species) Spruces Deciduous trees 
Treatment Plot N Mean  SD Mean SD Mean SD 
Pure Spruce A2 11 35.870 4.884 34.736 5.547 1.134 2.142 
Mixedwood A3 4 34.846 14.653 0.896 0.634 33.950 14.267 
 
 
2.2.2. Dendrochronology  
I measured annual white spruce growth by using dendrochronology methods. In 
August of 2017, I selected six random white spruce trees in each replicate plot for a total of 
30 trees in each of the two treatments. Using a 5 mm increment borer (tree-coring tool), I 
extracted two increment cores from each selected white spruce tree in a 90˚ angle, on the 
north and west directions, to capture the variation in growth in each individual tree and 
minimize the impact on the sampled trees (Appendix 6, Figure 6.6). The core from the north 
and west directions were collected at a tree height of 1.20 m and 1.25 m, respectively. Cores 
were air-dried and secured to wood core mounts, then sanded and polished using increasingly 
fine sandpaper.  
I dotted cores following the methods of Stokes and Smiley (1968), and visually cross-
dated using the list method (Yamaguchi 1991). I measured ring width on each core to the 
nearest 0.001 cm using Windendro® 2012, and verified the visual cross-dating with the 
dendrochronology program COFECHA (Holmes 1983, Grissino-Mayer 2001). Tree-ring 
analyses were done in the Statistical Software R (R Development Core Team 2011) and 
explained in detail in the statistical analysis section of this Chapter. 
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2.2.3. Microclimate data collection 
Microclimate data were obtained from an on-site climate station installed at Inga 
Lake. A variety of microclimate variables (Table 2.3; Appendix 9, Tables 9.1 and 9.3) were 
measured from 1999 to 2017 every hour (standard time) at plots A2 and A3 and at the 
climate station opening, and recorded on a data logger (models CR10X and CR10, Campbell 
Scientific). At the climate station opening (Appendix 6, Figure 6.4), microclimate variables 
included air temperature, solar radiation and rainfall. At PS (plot A2) and MW (plot A3), 
microclimate variables included air temperature, soil temperature, and soil water potential.  
 
Table 2.3. Description of equipment used to measure the microclimate variables. 
Variable  Position (cm) d Sensor make/model Sensor type 
Solar radiation a +300 Li-Cor/LI200S Silicone pyranometer 
Rainfall a +60 or +80 Sierra Misco/2501 or TE525m Tipping bucket 
Soil temperatureb -2.5, -15 and -50 Home built/twisted soldered wire Cu-Co thermocouple 
Soil water potentialb -2.5, -15, and -50 Campbell Sci/model 223 Gypsum Block 
Air temperaturec +130 and +300 Home/fine wire 36AWG Cu-Co thermocouple 
a Variables measured in climate station opening west of plot A3 (mixedwood treatment). Area 
maintained in open condition by annual brushing; size is approximately 20 × 20 m. b Variables 
measured in climate station located within plots A2 (pure spruce treatment) and A3 (mixedwood 
treatment). c Variable measured in climate station opening, plots A2 and A3. d Values for height (+) 
indicate height (cm) above the ground surface (regardless of whether mineral soil or organic 
material). Values for soil depth (-) indicate depth from the mineral soil forest floor interface. 
 
 
2.2.4. Statistical analysis 
I summarized the hourly microclimate measurements from 1999 to 2017 into annual, 
seasonal and monthly means or sums (Table 2.4).  
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Table 2.4. Abbreviation and description of the microclimate predictor variables used for the analyses.  
Variable (abbreviation) Descriptionb  
Rain_opena Sum of precipitation at a height of 0.6 m or 0.8 m (mm) 
SolRad_3.0m_opena Sum of solar radiation at a height of 3.0 m (KW/m2) 
ndays_AirTmp0_1.3m Sum of number of days with air temperature below 0 °C 
ndays_AirTmp0_1.3m_opena Sum of number of days with air temperature below 0 °C 
ndays_AirTmp5_1.3m Sum of number of days with air temperature above 5 °C 
ndays_AirTmp5_1.3m_opena Sum of number of days with air temperature above 5 °C 
SoilTmp_2.5cm Mean of soil temperature at a depth of 2.5 cm (°C) 
SoilTmp_15cm Mean of soil temperature at a depth of 15 cm (°C) 
SoilTmp_50cm Mean of soil temperature at a depth of 50 cm (°C) 
AirTmp_1.3m Mean of air temperature at a height of 1.3 m (°C) 
AirTmp_3.0m Mean of air temperature at a height of 3.0 m (°C) 
AirTmp_1.3m_opena Mean of air temperature at a height of 1.3 m (°C) 
AirTmp_3.0m_opena Mean of air temperature at a height of 3.0 m (°C)  
SWP_2.5cm Mean of soil water potential at a depth of 2.5 cm (MPa) 
SWP_15cm Mean of soil water potential at a depth of 15 cm (MPa) 
SWP_50cm Mean of soil water potential at a depth of 50 cm (MPa) 
  
Time scale (abbreviation) Description 
Variable name_Annual Annually 
Variable name_Spring  Spring season (March, April, and May) 
Variable name_Summer Sumer season (June, July, and August) 
Variable name_Fall Fall season (September, October, and November) 
Variable name_Winter Winter season (December, January, and February) 
Variable name_Jan, Feb, Mar, Apr, 
May, Jun, Jul, Aug, Sep, Oct, Nov, Dec 
Monthly: January to December 
a Variables measured in climate station opening west of plot A3 (mixedwood treatment). Area 
maintained in open condition by annual brushing; size is approximately 20 × 20 m. The other 
variables were measured within plots A2 (pure spruce treatment) and A3 (mixedwood treatment). 
b Values for height indicate height above the ground surface (regardless of whether mineral soil or 
organic material). Values for soil depth indicate depth from the mineral soil forest floor interface. 
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 The response variable was the standardized ring widths. I determined the mean of 
ring-width series of the north and west tree cores to obtain a single measurement per tree 
(package dpIR, Bunn 2008). Then, I standardized (detrended) ring-widths of each tree using 
the dendrochronology program library (package dpIR, Bunn 2008) in the Statistical Software 
R (R Development Core Team 2011). I applied a smoothing spline curve to accentuate the 
climate-related signal by reducing the effects of stand dynamics (e.g. competition and 
disturbance). I applied the smoothing spline curve to the response variable ring-widths with 
rigidity determined by one parameter: frequency response f at a wavelength of an average of 
20 years. I chose to use the smoothing spline since it showed a better fit to my data compared 
to other detrending methods. The smoothing spline is a function defined by piecewise 
polynomials, in other words, the curve that best fits the data. As the spline is so flexible and 
fits the data so well, there is the risk of inadvertently removing climate effects on growth 
(Sullivan et al. 2016). Standardization transforms the raw ring width data into ring width 
index (rwi) values. Ring width index values do not refer to absolute measurements of growth. 
Instead, rwi represents relative radial growth rates fluctuating around a mean of 1.0.  
To fit white spruce growth to climatic predictor variables, I used a two-step 
procedure. First, I used Random Forest (Liaw and Wiener 2002) analyses to identify which 
climate variables were most important to predict tree growth using the full data set, and each 
treatment individually. Second, the best climate predictor variables were evaluated by fitting 
tree growth to selected explanatory climate variables using a linear mixed effect model 
framework.  
To minimize concerns of using climate data from Block A and applying it to data 
from Blocks A to E, before the model selection, I analyzed the amount of variance that was 
captured by the random effect versus the fixed effects. I found that across the board the plot 
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random effects accounted for less than 2% of the variation of the model residuals. I also 
compared the Akaike information criterion (AIC) between a model without blocks as a 
random factor and a similar model with blocks (block A to E) using all data set, and for each 
treatment. I found that for all the cases there was no significant difference in AIC values 
between the model with and without block as random factor.  
I performed the Random Forest analysis on three sets of predictor variables (annual, 
seasonal, and monthly), and whether or not it used the full data set (i.e. all data) or across the 
treatment types. Due to the low accuracy of rainfall data from October through April, I 
calculated precipitation as the sum of rainfall in the growing season months (May to 
September) only. I evaluated Random Forest regression trees using the Cran R package 
“randomForest” (Liaw and Wiener 2002), with 10,000 runs each. I used the variable’s mean 
depth from the 10,000 runs to rank the most important variables.  
To identify the important annual climate variables for annual spruce growth, I applied 
Random Forest using the full data set that included tree growth of PS and MW (total of 10 
plots) as response variables. For the climate predictor variables, I used 17 annual climate 
variables, including those measured in the climate station opening, plots A2, and A3. Then, I 
chose the five most important distinct climate variables based on their mean depth ranking.  
I fitted tree growth to the five climate variables using a linear mixed models 
framework (R package nlme; Pinheiro et al. 2019) with and without two-way interactions to 
determine the relationship between annual climate and annual spruce growth. I included 
individual trees (n = 6) nested within plots (r = 5) nested within treatments (t = 2) in all 
models as random factors. I performed a Multimodel selection using the MuMIn R package 
(Bartoń 2019). Thus, all potential models that could be generated using the five selected 
explanatory climatic predictor variables were evaluated and ranked according to their AIC. I 
25 
 
applied model averaging (Burnham and Anderson 2002) to estimate coefficients for the 
explanatory predictor variables. Model averaging includes just those candidate models whose 
AIC delta value lies within four of the best model. 
To identify the important annual, seasonal and monthly climate variables for annual 
spruce growth in pure and mixed stands, I performed the Random Forest analysis on three 
sets (annual, seasonal, monthly) of predictor variables for tree growth on each treatment type. 
I used the climate variables measured on plot A2 for tree growth in the PS treatment (total of 
5 plots), and the climate variables measured on plot A3 for tree growth in the MW treatment 
(total of 5 plots). Due to the large number of climate variables, I selected the five most 
important variables in each set by scanning the 20 variables’ mean depth ranking (Appendix 
7, Figures 7.1-7.7).  
To compare spruce growth response to the predictor variables in PS versus MW, I 
selected explanatory climate variables to include in linear mixed effects tree growth models 
for each treatment type based on the Random Forest results and my evaluation of the 
ecological relevance of the potential climatic predictor variables. Restricting the model to 
only a few explanatory variables would reduce the “noise” related to the extensive data set of 
climate variables analyzed and related issues of collinearity between similar independent 
variables. This avoids overparameterizing the model giving the limited number of 
observations of tree growth index available. When the same variable but different 
measurement positions (e.g. SWP_15 and SWP_50) presented a similar rank in the minimal 
depth, I chose the variable that contains the most complete data set for the analyses.  
I fitted a mixed effect model with and without two-way interaction terms using the 
five annual, four seasonal, and four monthly predictor variables for MW and PS separately. I 
included individual trees (n = 6) nested within plots (r = 5) in all models as the random 
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factor. I also applied the previous multimodel inference and model averaging procedure to 
analyze the data. However, all potential models that could be generated using the selected set 
of explanatory climate variables were evaluated and ranked according to their AIC. 
 I analyzed individual (i.e. direct) climate effects on spruce growth by examining 
whether coefficients generated by the mixed effect models were positive or negative. To 
examine interactions among climate variables on spruce growth, I plotted the marginal means 
interaction from the models (R package emmeans: Lenth et al. 2020). My interpretation was 
based on the direction and strength (slope) of the interaction. 
 
2.3. Results 
2.3.1. Identification of important predictor variables for annual white spruce 
growth  
For the full data set, the Random Forest analysis found that annual soil temperature, 
the number of days with air temperature above 5°C, air temperature, solar radiation and soil 
water potential (SWP) were the five most important annual predictor variables for spruce 
growth (Appendix 7.1, Table 7.1). 
 Random Forest results showed that PS and MW had four of the same top five annual 
predictor variables (Appendix 7.1, Table 7.2). However, the order of importance of these 
variables differed between them. In PS, Random Forest analysis selected annual rainfall as 
the most important predictor variable, followed by the number of days with air temperature is 
above 5°C, soil temperature, solar radiation, and air temperature. In MW, Random Forest 
analysis selected annual solar radiation as the most important variable, followed by soil water 
potential, air temperature, soil temperature, and rainfall. The two variables that differed 
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between these two treatments among the five top predictor variables were the number of days 
with air temperature above 5°C for PS, and SWP for MW.  
Random Forest analysis showed that the top five seasonal climatic predictor variables 
differed across the treatment types (Appendix 7.1, Table 7.2). In PS, the five most important 
variables were the number of days with air temperature above 5°C in the summer, air 
temperature in the summer and fall, and soil temperature in the fall and winter. In contrast, in 
MW, the variables include air temperature in the winter, solar radiation in the winter, the 
number of fall days with air temperature below 0°C and the number of fall days with air 
temperature above 5°C, and soil water potential in the spring. 
 Random Forest analyses also indicated different top five monthly climatic predictor 
variables for the two treatments (Appendix 7.1, Table 7.2). In PS, the five most important 
predictor variables were soil temperature in January, solar radiation in February, May and 
August, and soil water potential in October. In MW, the variables were the number of days 
when the air temperature was above 5°C in November and September, rainfall in September, 
solar radiation in December and August.  
In summary, Random Forests analysis indicated that four out of five most important 
annual variables for predicting white spruce growth were the same across the treatment types 
but that the five most important variables differed when using seasonal and monthly 
variables. Random Forests results indicated that solar radiation, soil temperature, air 
temperature, and soil water potential were important not only between years but also within 
the year, especially in spring, summer and fall. 
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2.3.2. Annual climate and tree growth relationships using full data set  
The best full data set model without interaction (i.e. individual effects) included all 
five top annual variables (Table 2.5). Higher air temperature and solar radiation were related 
to increased spruce growth, while higher number of days with air temperature above 5°C, 
SWP and higher soil temperature reduced spruce growth. The best annual interaction model 
included all five individual variables and seven two-way interactions (Table 2.5; Appendix 
7.2, Table 7.3, Figures 7.8-7.14).  
Increases in annual air temperature negatively influenced spruce growth when annual 
number of days with air temperature above 5°C was high, and positively influenced spruce 
growth when annual number of days with air temperature above 5°C was low (Appendix 7.2, 
Figure 7.8). The increase in air temperature positively influenced spruce growth when the 
annual soil temperature was high, and negatively influenced spruce growth when soil 
temperature low (Appendix 7.2, Figure 7.9), and the same was true for high and low solar 
radiation (Appendix 7.2, Figure 7.10).  
The increase in the annual number of days with air temperature above 5°C negatively 
influenced spruce growth when the annual solar radiation was low, and positively influenced 
spruce growth when solar radiation was high (Appendix 7.2, Figure 7.11). When annual solar 
radiation was low, increases in annual soil temperature had a positive influence on spruce 
growth. However, when annual solar radiation was high, increases in annual soil temperature 
had a negative influence on spruce growth (Appendix 7.2, Figure 7.12).  
Increases in annual soil temperature had a positive influence on spruce growth when 
annual SWP was high and a strong negative influence on spruce growth when annual SWP 
was low (Appendix 7.2, Figure 7.13). Increases in annual solar radiation decreased spruce 
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growth when annual SWP was low, and increased spruce growth when annual SWP was high 
(Appendix 7.2, Figure 7.14).
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Table 2.5. Mixed effect growth model structure and fitted coefficient values of the annual climatic 
predictor variables for the full data set. Coefficient values were derived using model averaging that 
included all candidate models that were within 4 AIC values of the best model. The variables selected 
for inclusion in the best model are highlighted in bold, with the gray shading for variables with a 
negative effect on tree growth. 
Full data set 
Annual variable (without interaction) Coefficient 
Intercept 1.3968 
AirTmp_3.0m_Annual 0.0257 
ndays_AirTmp5_1.3m_Annual -0.0026 
SoilTmp_50cm_Annual -0.0764 
SolRad_3.0m_open_Annual 0.0039 
SWP_15cm_Annual -0.3308 
  
Annual variable (with interaction) Coefficient 
(Intercept) 2.0984 
AirTmp_3.0m_Annual 0.1838 
ndays_AirTmp5_1.3m_Annual -0.0130 
SoilTmp_50cm_Annual 0.2585 
SolRad_3.0m_open_Annual -0.0358 
SWP_15cm_Annual -6.5810 
AirTmp_3.0m_Annual:ndays_AirTmp5_1.3m_Annual -0.0046 
AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.0319 
AirTmp_3.0m_Annual:SolRad_3.0m_open_Annual 0.0082 
ndays_AirTmp5_1.3m_Annual:SolRad_3.0m_open_Annual 0.0004 
SoilTmp_50cm_Annual:SolRad_3.0m_open_Annual -0.0069 
SoilTmp_50cm_Annual:SWP_15cm_Annual 0.9475 
SolRad_3.0m_open_Annual:SWP_15cm_Annual 0.0673 
AirTmp_3.0m_Annual:SWP_15cm_Annual -0.1058 
ndays_AirTmp5_1.3m_Annual:SWP_15cm_Annual -0.0072 
ndays_AirTmp5_1.3m_Annual:SoilTmp_50cm_Annual 0.0008 
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2.3.3. Climate and tree growth relationships across the treatments   
Akaike information criterion values indicated that the best annual and inter-annual 
climate predictors differed between PS and MW treatment. The estimated coefficients for the 
explanatory climate variables (i.e. full model) using model averaging, indicated that annual 
rainfall, SWP in the spring and summer, air temperature in May, and SWP in August differed 
in respect to their individual direct effects (positive or negative) on tree growth between the 
two treatments (Tables 2.6-2.7).  
 
2.3.3.1. Annual climate and tree growth relationships across the 
treatments   
Annual air temperature, rainfall, soil temperature and solar radiation were important 
predictor variables included in both the PS and MW models, whereas annual SWP was only 
included in the best PS model. Rainfall was the only climate variable that differed regarding 
its influence on tree growth between the two treatments. Higher annual rainfall positively 
influenced tree growth in PS and negatively influenced tree growth in MW (Table 2.6; 
Appendix 7.3, Table 7.4-7.5). 
The best interaction model for PS and the best model for MW included all the 
individual variables and eight two-way interactions, but differed regarding two of their 
interactions (Table 2.6). The plotted interactions between the annual climate variables on 
spruce growth for PS and MW is in Appendix 7.3 (Figures 7.15-7.22) and Appendix 7.3 
(Figures 7.23-7.29), respectively.  
The increase in annual air temperature positively influenced spruce growth when 
annual rain was low or high in both treatments. When the annual soil temperature was low or 
high in PS, the increase in annual air temperature had a positive effect on spruce growth, with 
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a stronger positive influence on tree growth when annual soil temperature was high. On the 
other hand, in MW, the increase in annual air temperature negatively influenced spruce 
growth when the annual soil temperature was low, and positively influenced spruce growth 
when soil temperature was high. 
In PS, the increase in annual air temperature positively influenced spruce growth 
when annual solar radiation was low, and negatively influenced spruce growth when annual 
solar radiation was high. The interaction between annual air temperature and solar radiation 
was not included in the best model for MW.  
The increase in annual air temperature positively influenced spruce growth in PS 
when annual SWP was high or low, with a stronger positive influence when annual SWP was 
low. Conversely, in MW, the increase in annual air temperature positively influenced spruce 
growth when annual SWP was low, and negatively influenced spruce growth when SWP was 
high. 
The increase in annual rainfall had a positive influence on spruce growth when annual 
soil temperature was low and a strong negative influence on spruce growth when soil 
temperature was high in PS. In MW, the increase in annual rainfall had a positive influence 
on spruce growth when annual soil temperature was low or high, with a stronger positive 
influence when annual soil temperature was high.  
In MW, the increase in annual rainfall positively influenced spruce growth when solar 
radiation was low, and negatively influenced spruce growth when solar radiation was high. 
The interaction between annual rainfall and solar radiation was not included in the best 
model for PS. 
The increase in annual rainfall had a negative relationship with spruce growth in PS 
when annual SWP was low or high, with a higher negative relationship when annual SWP 
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was high. The interaction between annual rainfall and SWP was not included in the best 
model for MW. In MW, the increased in annual soil temperature positively influenced spruce 
growth when annual solar radiation was low or high, with a stronger positive influence when 
solar radiation was low. The interaction between annual soil temperature and solar radiation 
was not included in the best model for PS. 
In PS, the increase in annual soil temperature had a negative influence on spruce 
growth when annual SWP was low, and had a positive influence on spruce growth when 
annual SWP was high. In contrast, in MW, when annual SWP was either low or high, annual 
soil temperature positively influenced spruce growth, with a greater positive influence on 
spruce growth when annual SWP was low. For both treatments, the increase in annual solar 
radiation positively influenced spruce growth when annual SWP was low, and negatively 
influenced spruce growth when annual SWP was high. 
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Table 2.6 Mixed effect growth model structure and fitted coefficient values of the annual climatic predictor variables across the treatment types. 
Coefficient values were derived using model averaging that included all candidate models that were within 4 AIC values of the best model. The 
variables selected for inclusion in the best model are highlighted in bold, with the gray shading for variables with a negative effect on tree growth. 
Pure Spruce  Mixedwood  
Annual variable (without interaction) Coefficient Annual variable (without interaction) Coefficient 
(Intercept) 0.8158 (Intercept) 1.2172 
AirTmp_3.0m_Annual 0.0251 AirTmp_3.0m_Annual 0.0301 
Rain_open_Annual 0.0006 Rain_open_Annual -0.0002 
SoilTmp_50cm_Annual -0.0844 SoilTmp_50cm_Annual -0.0879 
SolRad_3.0m_open_Annual 0.0028 SolRad_3.0m_open_Annual 0.0020 
SWP_15cm_Annual -0.9732 SWP_15cm_Annual -0.1356 
    
Annual variable (with interaction) Coefficient Annual variable (with interaction) Coefficient 
(Intercept) -7.3413 (Intercept) 1.5043 
AirTmp_3.0m_Annual 0.8625 AirTmp_3.0m_Annual -2.6123 
Rain_open_Annual 0.0089 Rain_open_Annual 0.0043 
SoilTmp_50cm_Annual 1.8948 SoilTmp_50cm_Annual -0.8173 
SolRad_3.0m_open_Annual 0.0598 SolRad_3.0m_open_Annual 0.1085 
SWP_15cm_Annual -21.3316 SWP_15cm_Annual -0.9248 
AirTmp_3.0m_Annual:Rain_open_Annual -0.0006 AirTmp_3.0m_Annual:Rain_open_Annual 0.0014 
AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.0621 AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.3508 
AirTmp_3.0m_Annual:SolRad_3.0m_open_Annual -0.0180 AirTmp_3.0m_Annual:SolRad_3.0m_open_Annual 0.0018 
AirTmp_3.0m_Annual:SWP_15cm_Annual -0.7196 AirTmp_3.0m_Annual:SWP_15cm_Annual -6.1089 
Rain_open_Annual:SoilTmp_50cm_Annual -0.0028 Rain_open_Annual:SoilTmp_50cm_Annual 0.0004 
Rain_open_Annual:SolRad_3.0m_open_Annual 0.00001 Rain_open_Annual:SolRad_3.0m_open_Annual -0.0002 
Rain_open_Annual:SWP_15cm_Annual -0.0113 Rain_open_Annual:SWP_15cm_Annual -0.0013 
SoilTmp_50cm_Annual:SolRad_3.0m_open_Annual -0.0066 SoilTmp_50cm_Annual:SolRad_3.0m_open_Annual -0.0060 
SoilTmp_50cm_Annual:SWP_15cm_Annual 7.9998 SoilTmp_50cm_Annual:SWP_15cm_Annual -1.8932 
SolRad_3.0m_open_Annual:SWP_15cm_Annual -0.0492 SolRad_3.0m_open_Annual:SWP_15cm_Annual 0.3503 
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2.3.3.2. Seasonal climate and tree growth relationships across the 
treatments   
When using the seasonal climatic predictor variables in the mixed effect models, I 
found that PS and MW differed regarding the variables included in the best model (Table 2.7; 
Appendix 7.4, Table 7.6). The best model of PS included air temperature during the spring 
and SWP during the summer. In contrast, the best model of MW included air temperature 
during the summer and SWP during the spring.  
The only variable that differed between the two treatments regarding its influence on 
tree growth is the spring and summer SWP, which positively influenced tree growth in PS 
and negatively influenced tree growth in MW. Air temperature in the spring showed a 
positive relationship with tree growth, where air temperature in the summer showed a 
negative relationship with tree growth in both treatments. 
When adding an interaction term in the mixed effect model using the seasonal 
climatic predictor variables, the best model for PS included the air temperature during the 
spring, SWP during the spring and summer and the interaction between air temperature and 
SWP during the spring. The best model for MW included all the variables and interactions of 
the initial full model structure (Table 2.7; Appendix 7.2.3, Table 7.6). The plotted 
interactions between the air temperature and SWP variables during spring and summer on 
spruce growth for PS and MW are in Appendix 7.4, Figures 7.31 and Figure 7.32, 
respectively. 
In PS, the increase in air temperature during the spring had a slightly negative 
influence on spruce growth when SWP in the spring was high and a strong positive influence 
on spruce growth when SWP in the spring was low. I found a similar interaction between air 
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temperature and SWP during the summer in PS, but this interaction was not included in the 
best model. 
In MW, the increase in air temperature in the spring positively influenced spruce 
growth when SWP in the spring was high, and negatively influenced spruce growth when 
SWP in the spring was low. In contrast, the increase in air temperature during the summer in 
MW had a negative influence on spruce growth when SWP was either high or low, with a 
stronger negative influence when SWP was low.  
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Table 2.7 Mixed effect growth model structure and fitted coefficient values of the seasonal climatic predictor variables across the treatment types. 
Coefficient values were derived using model averaging that included all candidate models that were within 4 AIC values of the best model. The 
variables selected for inclusion in the best model are highlighted in bold, with the gray shading for variables with a negative effect on tree growth. 
 
Pure Spruce  Mixedwood  
Seasonal variable (without interaction) Coefficient Seasonal variable (without interaction) Coefficient 
(Intercept) 1.0207 (Intercept) 1.3947  
AirTmp_3.0m_Spring 0.0151 AirTmp_3.0m_Spring 0.0019 
SWP_15cm_Spring 0.0494 SWP_15cm_Spring -0.6575   
SWP_15cm_Summer 0.1030 SWP_15cm_Summer -0.0309 
AirTmp_3.0m_Summer -0.0019 AirTmp_3.0m_Summer -0.0341 
    
Seasonal variable (with interaction) Coefficient Seasonal variable (with interaction) Coefficient 
(Intercept) 1.1300 (Intercept) 1.2374 
AirTmp_3.0m_Spring -0.0035 AirTmp_3.0m_Spring 0.2180 
SWP_15cm_Spring 0.3946 SWP_15cm_Spring -5.6627 
AirTmp_3.0m_Summer -0.0084 AirTmp_3.0m_Summer -0.0660 
SWP_15cm_Summer 0.5594 SWP_15cm_Summer -3.5513 
AirTmp_3.0m_Spring:SWP_15cm_Spring -0.0967 AirTmp_3.0m_Spring:SWP_15cm_Spring 1.8833 
AirTmp_3.0m_Summer:SWP_15cm_Summer -0.1166 AirTmp_3.0m_Summer:SWP_15cm_Summer 0.2510 
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2.3.3.3. Monthly climate and tree growth relationships across the 
treatments   
Across the two treatments, SWP during May and air temperature during August were 
both variables included in the best model for PS and the best model for MW (Table 2.8; 
Appendix 7.5, Table 7.7). Both SWP during May and air temperature in August showed a 
negative relationship with spruce growth in both treatment types. Air temperature during 
May and SWP in August variables differ between the two treatments regarding their 
inclusion in the best model and their relationship with spruce growth.  
Air temperature during May was only included in the best model of PS, with a 
positive relationship with spruce growth. In contrast, air temperature in May in MW 
presented a negative relationship with tree growth. Soil water potential in August was only 
included in the best model of MW and presented a positive relationship with spruce growth. 
In contrast, SWP during August in PS had a negative relationship with spruce growth. 
When adding an interaction term in the mixed effect model, air temperature in May is 
the only variable that differed between the best models of each treatment since it was just 
included in the best model of PS. The interaction between air temperature and SWP in 
August was included in the best model of PS and the best model for MW and showed a 
similar relationship with spruce growth. The plotted interactions between air temperature and 
SWP variables in May and August for PS and MW on spruce growth are in Appendix 7.5, 
Figure 7.33 and Figure 7.34, respectively. 
In PS, the increase in air temperature in August negatively influenced spruce growth 
when SWP was high, and positively influenced spruce growth when SWP was low. 
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Similarly, in MW, the increase in air temperature in August had a negative influence on 
spruce growth when SWP was high, and had a positive influence when SWP was low.  
In PS, the increase in air temperature in May in PS positively influenced spruce 
growth when SWP was low or high, with a stronger increase when SWP was high. In 
contrast, the increase in air temperature in May in MW had a positive influence on spruce 
growth when SWP in May was high, and had a negative influence on spruce growth when 
SWP was low. However, none of the best models included the interaction between air 
temperature and SWP in May. 
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Table 2.8 Mixed effect growth model structure and fitted coefficient values of the monthly climatic predictor variables across the treatment types. 
Coefficient values were derived using model averaging that included all candidate models that were within 4 AIC values of the best model. The 
variables selected for inclusion in the best model are highlighted in bold, with the gray shading for variables with a negative effect on tree growth. 
 
Pure Spruce  Mixedwood  
Monthly variable (without interaction) Coefficient Monthly variable (without interaction) Coefficient 
(Intercept) 0.9675 (Intercept) 1.0358 
AirTmp_3.0m_May 0.0157 AirTmp_3.0m_May -0.0029 
SWP_15cm_May -0.1252 SWP_15cm_May -1.3338 
AirTmp_3.0m_Aug -0.0110 AirTmp_3.0m_Aug -0.0125 
SWP_15cm_Aug -0.0075 SWP_15cm_Aug 0.0372 
    
Monthly variable (with interaction) Coefficient Monthly variable (with interaction) Coefficient 
(Intercept) 1.4659 (Intercept) 1.9660 
AirTmp_3.0m_May 0.0268 AirTmp_3.0m_May 0.0045 
SWP_15cm_May -0.2557 SWP_15cm_May -1.3066 
AirTmp_3.0m_Aug -0.0535 AirTmp_3.0m_Aug -0.0767 
SWP_15cm_Aug 1.2265 SWP_15cm_Aug 1.4374 
AirTmp_3.0m_May:SWP_15cm_May 0.0355 AirTmp_3.0m_May:SWP_15cm_May 0.0776 
AirTmp_3.0m_Aug:SWP_15cm_Aug -0.0875 AirTmp_3.0m_Aug:SWP_15cm_Aug -0.1028 
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2.4. Discussion 
The positive relationship between annual air temperature and annual solar radiation 
on white spruce growth found in the model using the full data set and across the treatments is 
not consistent with much published literature in white spruce growth in the boreal zone of 
B.C. (Cortini et al. 2011). Another study in the Alaskan boreal forest using mature and old 
stands found that radial growth of white spruce had decreased with increasing temperature, 
concluding that temperature-induced drought stress is reducing white spruce productivity at 
northern latitudes (Barber et al. 2000). The negative relationship between annual SWP and 
spruce growth was also surprising since I expected that more soil water available in a year 
would positively influence spruce growth. At treeline sites in interior Alaska, better growth 
rates were found with cooler, wetter years (Lloyd et al. 2013), and growth declines in 
response to warming temperatures were more common in warmer and drier parts of the 
boreal forest (Lloyd and Fastie 2003). Another unexpected result found in the model using 
the full data set is the negative relationship between the annual number of days when the air 
temperature was above 5°C and spruce growth. I expected tree growth to occur when the air 
temperature is above 5°C, and this is a well-known threshold used among researchers to 
calculate growing degree days (Cortini et al. 2011).  
Rainfall was the only annual climate variable for which the relationship with spruce 
growth differed by treatment, with a positive relationship in pure spruce stands and a 
negative relationship in the mixedwood stands. Based on past white spruce studies, I 
expected that the increase in annual rainfall would positively influence spruce growth in both 
treatment types. It is unclear why spruce growth is responding negatively to annual rainfall in 
the mixedwood stand. A possible explanation is that high annual rainfall also means cloudy 
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days, accentuating the shading of spruce growing under a deciduous canopy (willow-aspen 
canopy), further reducing access to light. However, since the rainfall measurement was taken 
in the open area and not within each treatment type, the SWP variable may better inform 
water availability to trees within each treatment.  
When using seasonal and monthly climate variables, my study indicated that the 
influence of SWP and air temperature on spruce growth varies throughout the year. Together 
with the interpretation of the relationship between annual climate variables and spruce 
growth, my results suggest that seasonal and monthly climate predictor variables are more 
suitable to understand annual tree growth responses to climate than annual climate variables. 
Other studies also concluded that finer temporal scale better explain tree growth than more 
coarse climatic variables. For instance, Thomson and Parker (2008) found that climate 
variables in a monthly level (i.e. August minimum temperature and January maximum 
temperature) were better correlated with jack pine (Pinus banksiana Lamb.) than seasonal 
and annual averages by scanning a total of 65 climate variables at annual, seasonal and 
monthly levels. Cortini et al. (2011) showed that monthly climate variables had a stronger 
relationship to the growth of lodgepole pine and white spruce than seasonal and annual 
variables.  
The relationships found between air temperature and spruce growth during spring and 
summer are consistent with previous studies. In both stand types, warm springs increase 
spruce growth, and warm summers decrease spruce growth. A study of white spruce growth 
at treeline areas in Alaska indicated that high mean temperatures in July decreased the 
growth of white spruce, whereas warm springs increased tree growth (Wilmking et al. 2004). 
Barber et al. (2000) showed that ring-width chronologies of white spruce were strongly 
negatively correlated with summer monthly mean temperatures in the interior of Alaska, and 
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the negative relationship was related to reduced CO2 uptake and higher water loss during 
photosynthesis. The increase in air temperature tends to increase evapotranspiration from soil 
and plant tissues, inducing stomatal closure and reducing net photosynthesis to minimize 
water losses in response to moisture stress (Kozlowski and Pallardy 2002).  
An interesting finding of my study is the different influences of SWP during spring 
and during summer on spruce growth in the two stand types. Spruce growth in pure stands 
has a positive relationship with SWP during spring and summer, while spruce growth in 
mixedwoods has a negative relationship. When comparing microsites, mixedwood stands 
have the lowest SWP during the summer. I infer that the negative relationship between 
spruce growth and SWP during spring and summer in the mixedwoods stands might be 
consistent with a drought stress mechanism. Spruce trees might not be benefiting from the 
water available in the soil, and competing trees might be the main factor influencing the 
availability of this resource. A recent study in Alaska indicated that, in early spring, 
deciduous trees are capable of taking up 21–25% of snowmelt water while conifers take up 
less than 1% during that period (Young-Robertson et al. 2016). Moreover, a previous study at 
Inga Lake and nearby sites (Cortini et al. 2011) suggested that controlling unwanted 
vegetation in white spruce stands enhanced white spruce growth by increasing resource 
availability, and that drought stress related to warmer and drier summers could make 
vegetation stronger competitors for water in white spruce stands. 
The interaction between air temperature and SWP during spring on spruce growth in 
the mixedwoods indicates that spruce growth positively responds to an increase in spring air 
temperature as long there is sufficient water available in the soil (i.e. high SWP). Otherwise, 
spruce growth is negatively influenced by the increase in air temperature. Early in the 
growing season, soil moisture can be sufficient for growth even at higher temperatures. Soil 
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moisture usually dwindles as summer progresses, and the lack of moisture becomes more 
stressful for tree growth at high temperatures (D’Arrigo et al. 2004).  
The interaction between air temperature and SWP during summer on spruce growth 
in the mixedwood stand might indicate drought stress. White spruce growing in the 
mixedwood stand might be suffering from drought stress due to the increase in air 
temperature even when SWP is high, with a stronger negative effect of the increase in air 
temperature on spruce growth when SWP is low. This would indicate that warm temperatures 
have a negative effect on tree growth (ring width) in the absence of sufficient availability of 
water in the soil. My results suggest that warming without a concurrent increase in 
precipitation might negatively influence white spruce growth growing in mixedwood stands.  
The interactions between air temperature and SWP during the spring and summer in 
pure spruce stands was surprising since I expected a similar interaction between these 
climates variables in both stand types. It is unclear why the increase in air temperature 
positively increases growth in pure spruce stands when SWP is low and negative influences 
growth when SWP is high. 
Another interesting result is the positive relationship found between SWP in August 
and spruce growth in the MW, even though August was the month with the lowest SWP in 
the MW. A possible explanation is that drought stress might cause deciduous trees to lose 
their leaves prematurely, allowing white spruce to benefit from the water available in the soil. 
In aging boreal mixedwoods, canopy openings resulting from senescence of broadleaved 
trees allow for the establishment and release of shade tolerant slower-growing conifers 
(Brassard and Chen 2006).  
To the best of my knowledge, there is a lack of studies on the influence of monthly 
climate variables on annual spruce growth to support my findings regarding the interaction 
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between air temperature and SWP in May and August on spruce growth in each treatment 
type. Analysis using the same timeframe for both response and predictor variables would be 
helpful to understand spruce growth responses to climate variables throughout the year. I also 
argue that we can better understand how trees respond to climate by evaluating the 
interactions between climate variables instead of the direct effects of individual climate 
variables. In both pure and mixedwood stands, there is an interplay between the amount of 
water available in the soil and air temperature to influence annual tree white spruce growth. 
My work agreed with others that the growth of spruce is dependent on within 
seasonal variability in climate variables (Cortini et al. 2011, Lloyd et al. 2013). However, my 
results also indicate that the order of importance of the influence of microclimate variables 
on annual spruce growth differs between the two stands. The best annual and inter-annual 
microclimate predictors differ between pure and mixedwood. Moreover, my study suggests 
that spruce growth responses to microclimate variability depend on whether it is growing in 
pure or mixewood stands. A key finding of my work is that stand composition and structure 
are important determinants of how annual white spruce growth responds to yearly 
fluctuations in seasonal air temperature and SWP variables, and how annual spruce growth 
will respond to projected future climate scenarios. My results indicate that spruce wood 
production in both stand types could decrease in northeastern British Columbia with a 
combination of warmer temperatures (that is, increased evapotranspiration) and drought 
during summer (that is, decreased water supply). Spruce growth in mixedwood stands might 
be particularly negatively affected by drought stress due to competition with deciduous trees 
for water.  
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2.5. Conclusion 
The response of white spruce growth to microclimate variability depends on stand 
composition and structure. Drought stress is likely to limit boreal white spruce productivity 
under warmer future climates in northeastern British Columbia. Spruce growth in 
mixedwood stands might be more sensitive to drought stress than in pure spruce stands due to 
the higher competition for limiting resources. Seasonal and monthly climate predictor 
variables are more suitable to understand annual tree growth responses to climate than annual 
climate variables. More studies on intra-annual tree growth and climate relationships are 
needed to inform better how trees will respond to future climatic shifts.
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3. Chapter 3: White spruce sap flow sensitivity to climate variability in pure and 
mixedwood stands 
 
Abstract: Drought-induced water stress is one of the main contributors of widespread tree 
mortality and growth decline in the western boreal forests of Canada. Using data from 2007 
to 2018, I evaluated the importance and the influence of microclimate variables on sap flow 
of white spruce (Picea glauca (Moench) Voss) trees throughout the entire growing season in 
pure and mixedwood stands located at the Inga Lake site, north-eastern British Columbia. 
Using a model selection framework, I evaluated which climatic variables were the most 
important drivers of sap flow in pure and mixedwood stands. Sap flow responses to climate 
variables within the growing season differed between pure stand and mixedwood stands. My 
analysis also indicated that interactions between climate variables, primarily moisture 
availability and air temperature, were important for sap flow. The response of white spruce 
sap flow to microclimate variability depended on stand composition and structure, and 
changed throughout the growing season. Early in the growing season, sap flow is primarily 
limited by air temperature, while by mid-summer, drought stress is the key limiting variable. 
Drought stress is likely to limit boreal white spruce growth under warmer, future climates in 
pure and mixedwood stands in northeastern British Columbia. 
Keywords: Sap flow, climate variability, white spruce, drought. 
 
3.1. Introduction 
Drought-induced water stress is one of the main contributors of widespread tree 
mortality and growth decline in the western boreal forests of Canada (Hogg et al. 2008, Ma et 
al. 2012). Previous studies (McDowell 2011) have shown that drought related tree mortality 
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primarily occurs due to hydraulic failure or carbon starvation (Galvez et al. 2011, Plaut et al. 
2012, Kulaç et al. 2012, Barigah et al. 2013, Sevanto et al. 2014, Mitchell et al. 2014). 
Hydraulic failure is widely recognized as the major cause of woody plant mortality during 
drought (McDowell 2011, Choat 2013), while carbon starvation is expected to occur in the 
late stages of prolonged drought (McDowell 2011, Kulaç et al. 2012). Low water potential 
occurs due to a decrease in soil water content or increased transpiration rate. Low water 
potential can impede long-distance water transport and induce cavitation embolism or 
dehydration (Sperry 2000, Vilagrosa et al. 2012, Pangle et al. 2015). High levels of embolism 
tend to impair water supply to the foliage and lead to tissue desiccation (Dietrich et al. 2019). 
As a defense against hydraulic failure, the tree can enter carbon starvation through stomatal 
closure, reducing photosynthesis and eventually resulting in a shortage of carbohydrate 
metabolites in different tree tissues during prolonged drought (Pangle et al. 2015, Dietrich et 
al. 2019). 
How trees respond to drought stress depends on species, age, size, competition, and 
site conditions (Lloret et al. 2011, Pretzsch and Dieler 2011, Zang et al. 2012). Norway 
spruce (Picea abies) and Swiss pine (Pinus cembra) reduce sap flux during drought periods 
in an attempt to conserve water (Anfodillo et al. 1998). In contrast, European larch (Larix 
decidua) can sustain a relatively high sap flux during drought because of its high water 
uptake capacity (Anfodillo et al. 1998). European beech (Fagus sylvatica) can maintain 
transpiration under higher soil moisture tension (Pretzsch et al. 2013). However, tree 
responses to water stress in pure and mixedwood stands in boreal forests are not well 
understood. 
There is a lack of information on how mixing of species modifies tree growth under 
drought stress compared with their performance in a monospecific environment (Pretzsch et 
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al. 2010, Richards et al. 2010). Past studies have often not included physiological or 
hydrological measurements at the individual tree level in pure and mixed stands (Pretzsch et 
al. 2013), but have evaluated drought stress in a coarse scale, often using annual tree ring 
measurements (Zang et al. 2012, Pretzsch et al. 2013). Assessing sap flow responses to 
climate variability across different time scales while accounting for stand composition and 
structure can provide the information needed to further increase our understanding in this 
area.  
Direct measures of sap flow allow a more direct evaluation of tree growth response 
and are an effective method for testing biological and hydrological questions (Muñoz-Villers 
et al. 2012, Steppe et al. 2015, Berry et al. 2017). Measurement of xylem sap flow via 
thermal dissipation probes is one of the most commonly used methods for estimation of 
whole-tree water use on forests (Swanson 1994, Granier et al. 1996, Ping et al. 2004). 
Observed over time, the amount of sap flow upward through the stem equates with 
transpiration at the leaves (Swanson 1994), and many studies have used sap flow 
measurements to estimate transpiration (Alarcón et al. 2000, Wullschleger et al. 2001). Tree 
transpiration indicates that stomata are open, which is an essential condition for gas exchange 
during photosynthesis (Swanson 1994). In other words, water loss can be thought of as the 
“price” the plant pays to keep its stomata open. Since transpiration and sap flow are very 
closely related, most climate variables that affect transpiration are assumed to also affect sap 
flow. 
Previous studies clearly showed that climate influences sap flow rates, but there are 
still some questions regarding which climate variables are most important in determining sap 
flow across different time scales. Sap flow rates have been found to be positively correlated 
with air temperature, soil temperature and soil moisture in the early growing season in a 
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warming experiment (Juice et al. 2016). A soil warming study found elevated spring time sap 
flow in Norway spruce trees was induced by elevated soil temperatures (Bergh and Linder 
1999), while other researchers found the rate of sap flow is positively correlated with air 
temperature (Juhász et al. 2013, Chang et al. 2014, Juice et al. 2016). Other studies have 
shown stronger relationships between daily sap flow rates and daily vapor pressure deficit 
(VPD) compared to daily air temperature (Yin et al. 2004). However, most of the studies 
assessed only the effect of individual climate variables on sap flow, in many cases assessing 
averaged daily sap flow across the entire growing season. 
Interaction models that account for how the climate variables interact with each other 
to influence sap flow can be better predictors of sap flow rates across time. For example, the 
positive influence of air temperature on sap flow can be magnified when there is greater soil 
moisture content. A controlled experiment on potted plants, Camellia japonica L. and 
Ligustrom japonica Thumb., showed that stomatal responses to light increases with air 
temperature, and that the combination of high air temperature and high vapour pressure 
deficit (VPD) limited stomatal opening (Wilson 1948). Sap velocity and VPD have been 
found to be linked when soil moisture was high during the early growing season at lower 
elevations or throughout the entire growing season at higher elevations (Looker et al. 2018). 
However, when soil moisture decreased, VPD and sap velocity became decoupled, most 
likely due to decreased stomatal conductance as a water conservation strategy (Looker et al. 
2018). Many other studies explicitly highlighted the need for models that account for 
interactions between climate variables to influence sap flow (Small and McConnell 2008). 
Sap flow responses to climate variables largely depend on the plant species being 
considered and the site conditions. Most of the variance in sap flow for a northern red oak 
stand in Massachusetts was explained by air and soil temperature, with lesser amounts 
51 
 
explained by photosynthetically active radiation (PAR) and VPD (Juice et al. 2016). In 
northern New Mexico, ponderosa pine sap flow was found to be correlated with soil 
moisture, whereas at a higher elevation, Engelmann spruce sap flow was not clearly 
correlated with soil moisture (Small and McConnell 2008). Sap flow for maritime pine stands 
in southwestern France was found to be correlated with soil moisture (Delzon and Loustau 
2005). Another interesting result was the finding that sap flow and transpiration decreased 
with the age of stand and that younger stands were more affected by drought than older 
stands. 
While many studies assess the relationship between sap flow and individual climate 
variables at a coarse time scale, such as between growing seasons, we know little about how 
sap flow responds to within-year climate variability. Furthermore, it is still unclear if sap 
flow responses to climate variability vary with stand composition and structure. I am not 
aware of any studies examining the effects of microclimate variables on sap flow by young 
white spruce trees (Picea glauca (Moench) Voss) in pure and mixed boreal forests in western 
Canada.  
Previous studies have concluded that spruce has isohydric characteristics and low 
drought resistance; it reduces water consumption and growth in the early phase of drought 
stress through stomata closure (Zang et al. 2012, Pretzsch et al. 2013, Sullivan et al. 2017). 
Therefore, studying white spruce trees sap flow responses to climate within pure and mixed 
stands is beneficial for interpreting their survival and growth. The objectives of this study 
were to: 
1. Identify and compare the important microclimate variables to predict spruce sap flow 
in pure and mixedwood stands together and separated throughout the entirety of the 
growing season. 
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2. Examine and compare the relationships between microclimate variables and sap flow 
in pure and mixedwood stands together and separated throughout the entirety of the 
growing season. 
3. Identify and compare the important microclimate variables to predict spruce sap flow 
in spring, early-summer and late-summer for each stand type. 
4. Examine and compare the relationships between microclimate variables and spruce 
sap flow in spring, early-summer and late-summer for each stand type. 
 
By assessing individual white spruce sap flow responses to climate in the pure and 
mixedwood stands, I provide information that will be useful in modeling and managing these 
stands across western Canada in both current and future climate conditions.  
 
3.2. Materials and methods 
3.2.1. Study area description 
(See section 2.2.1)  
 In this Chapter, I investigated sap flow in two experimental treatments units of the 
Inga Lake research site: plot A2 in a pure white spruce treatment (PS), and plot A3 in a 
mixedwood treatment (MW).  
 
3.2.2. Microclimate data collection 
Microclimate data were obtained from an on-site climate station installed at Inga 
Lake. A variety of microclimate variables (Table 3.1; Appendix 9, Tables 9.1 and 9.3) were 
measured from 2007 to 2018 every hour (standard time) at plots A2 and A3 and at the 
climate station opening, and recorded on a data logger (models CR10X and CR10, Campbell 
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Scientific). At the climate station opening, microclimate variables included solar radiation 
and rainfall. At PS (plot A2) and MW (plot A3), microclimate variables included air 
temperature, soil temperature, and soil water potential. 
 
Table 3.1 Description of equipment used to measure the microclimate variables.  
Variable  Position (cm) b Sensor make/model Sensor type 
Solar radiation a +300 Li-Cor/LI200S Silicone pyranometer 
Rainfall a +60 or +80 Sierra Misco/2501 or TE525m Tipping bucket 
Air temperature +300 Home/fine wire 36AWG Cu-Co thermocouple 
Soil temperature -15  Home built/twisted soldered wire Cu-Co thermocouple 
Soil water potential -15 Campbell Sci/model 223 Gypsum Block 
a Variables measured in climate station opening west of plot A3 (mixedwood treatment). Area 
maintained in open condition by annual brushing; size is approximately 20 × 20 m. The other 
variables were measured within plots A2 (pure spruce treatment) and A3 (mixedwood treatment).        
b Values for height (+) indicate height (cm) above the ground surface (regardless of whether mineral 
soil or organic material). Values for soil depth (-) indicate depth from the mineral soil forest floor 
interface. 
 
 
3.2.3. Sap flow measurements 
At each treatment (PS and MW), three white spruce trees were selected to install the 
sap flow sensor (model TDP-30, Dynamax). In 2018, the breast height of the three trees 
selected in each treatment averaged 17.3 cm in the PS treatment, and 8.3 cm in the MW 
treatment. Sap flow velocities were measured by the heat dissipation approach proposed by 
Granier (1985). The Thermal Dissipation Probe (TDP) is a heat dissipation sensor that 
measures the temperature of a line heat source implanted in the sapwood of a tree, referenced 
to the sapwood temperature at a location below the heated probe.  
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Each sensor consists of two 1.2 mm diameter, 30 mm long stainless steel probes (i.e. 
needles), a heated element and thermocouple junction above and only a thermocouple 
junction below. I peeled off one piece of bark, and drilled two holes about 4 cm vertically 
apart from each other at breast height (1.30 m) to insert the probes into the sapwood. The 
heating wire in the upper probe was supplied with direct current of 3 V (0.15 to 0.2 W). The 
sensor insertion site on each tree was protected with styrofoam eggs and wrapped with 
aluminized bubble wrap to avoid thermal influences from solar radiation. Sap flow velocity 
was measured on the north side of each spruce tree from 2007 to 2016, and on the south side 
of each spruce tree in 2017 and 2018.  
Daily maximum sap flow velocity (SFV) was based on the instantaneous 
measurements taken every third hour (standard time, total of eight measurements a day) from 
2007 to 2018 (April to September). However, SFV was not continually recorded every three 
hours for all the trees for the entire study period, there were some gaps in the data due to 
sensor damage in specific periods within each study year. The sap flow power was turned on 
at the beginning of the hour, heating the upper probe, and was on for the entire hour, then a 
measurement of the temperature difference between the two probes was taken at the end of 
the hour and power was turned off (coming on again in 2 hours). The temperature differences 
between the two probes were recorded by a data logger (model CR10X, Campbell Scientific 
Inc.) with a multiplexer (AM16/32A, Campbell Scientific Inc.).  
I calculated sap flow velocity with the following formula (Granier 1985): 
 
 𝑆𝐹𝑉 = 0.119  [(∆𝑇𝑚 − ∆𝑇)]/∆𝑇]
1.231  (1) 
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Where 𝑆𝐹𝑉 is the daily maximum sap flow velocity (mm/s), ∆𝑇𝑚 is the daily 
maximum temperature difference when 𝑆𝐹𝑉 is near 0 (i.e. no-transpiration state, typically at 
night) and ∆𝑇 is the measured minimum temperature difference of eight instantaneous 
measurement between the two probes (i.e. ∆𝑇 is the minimum value of the eight 
measurements).  
 
3.2.4. Statistical analysis 
 I summarized the hourly microclimate measurements from 2007 to 2018 into daily 
means (Table 3.2).  
 
Table 3.2.  Abbreviation and description of the microclimate predictor variables used for the 
analyses.  
Variable (abbreviation) Descriptionb  
SolRad a Mean of solar radiation at a height of 3.0 m (KW/m2) 
Rain a Sum of precipitation at a height of 0.6 m or 0.8 m (mm) 
AirTmp Mean of air temperature at a height of 3.0 m (°C) 
SoilTmp Mean of soil temperature at a depth of 15 cm (°C) 
SWP Mean of soil water potential at a depth of 15 cm (MPa) 
a Variables measured in climate station opening west of plot A3 (mixedwood treatment). Area 
maintained in open condition by annual brushing; size is approximately 20 × 20 m. The other 
variables were measured within plots A2 (pure spruce treatment) and A3 (mixedwood treatment). 
b Values for height indicate height above the ground surface (regardless of whether mineral soil or 
organic material). Values for soil depth indicate depth from the mineral soil forest floor interface. 
  
 
 I analyzed SFV and climate relationships in different time scales using data from 
2007 to 2018. I removed the outliers (e.g. sensor failures) from the SFV and climate data 
before the analyses (Appendix 9, Table 9.2). First, over the growing season (April to 
September) by using the full SFV and climate data set (i.e. all data, PS and MW together) 
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and across the treatments (i.e. PS and MW separated). Second, seasonally by using the SFV 
and climate data across the treatments divided in three seasons: spring (April and May), 
early-summer (June and July), and late-summer (August and September) (Figure 3.1). I 
analyzed the data in these three seasons based on a visual inspection of SFV trend over the 
growing season for year.  
 To select the best model to predict SFV in PS and MW together and separated 
throughout the growing season, and in each season for each treatment type, I used a model 
selection framework. In other words, all potential models that could be generated using the 
selected set of explanatory variables were considered. I created a full mixed effect model 
without interaction terms (model 1) and a full mixed effect model with two-way interaction 
terms (model 7), and by using a leave-one-climate-variable-out framework, I generated in 
total 12 models (Table 3.3). 
 Then, I fitted SFV to the climate predictor variables using these 12 linear mixed 
effects models. I fitted these linear mixed effects models using the R package nlme (Pinheiro 
et al. 2019). For the full data set (PS and MW together) over the growing season, I included 
individual trees (n= 3) nested within treatment (r= 2) in all 12 models as a random factor. For 
each data set of PS and MW separated in each time scale, I included individual tree ID (n= 3) 
as a random factor. I selected the best models by evaluating and ranking according to their 
Akaike information criterion (AIC). The number of observations in the full data set was on 
average 8000, with 4000 observations in each treatment. I did not include model 6 for my 
analyses of the best model because this model excluded SWP, a variable with great 
ecological relevance to sap flow. 
 Then, among these best models, I choose one model with and one model without two-
way interaction terms to examine and compare the relationships between SFV and climate in 
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PS and MW together and separated throughout the growing season, and between the seasons 
in each treatment type.  
 I analyzed individual (i.e. direct) climate effects on spruce SFV by examining 
whether coefficients generated by the mixed effect models were positive or negative. To 
examine interactions among climate variables affecting SFV, I plotted the marginal means 
interaction from the models (R package emmeans: Lenth et al. 2020). My interpretation was 
based on the direction and strength (slope) of the interaction. 
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Figure 3.1 Sap flow velocity of tree T5 located in the pure spruce treatment, and tree T1 located in 
the mixedwood treatment over the 2007 growing season. Vertical lines separate the seasons used in 
the study: Spring (April and May), early-summer (June and July), and late-summer (August and 
September). 
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Table 3.3  List of the models used for the model selection. Models 1 to 6 are the models without 
interaction. Models 7 to 12 are the models with interaction terms. 
Model 
number 
Variables 
1 SolRad + Rain + SoilTmp + AirTmp +SWP 
2 Rain + SoilTmp + AirTmp + SWP 
3 SolRad + SoilTmp + AirTmp+ SWP 
4 SolRad + Rain + AirTmp + SWP 
5 SolRad + Rain + SoilTmp + SWP 
6 SolRad + Rain + SoilTmp + AirTmp               
7 SolRad + Rain + SoilTmp + AirTmp + SWP + SolRad*Rain + 
AirTmp*SWP + SoilTmp*SWP + SolRad*SWP 
8 SolRad + Rain + SoilTmp + AirTmp + SWP + AirTmp*SWP + 
SoilTmp*SWP + SolRad*SWP 
9 SolRad + Rain + SoilTmp + AirTmp + SWP + SolRad*Rain + 
SoilTmp*SWP + SolRad*SWP 
10 SolRad + Rain + SoilTmp + AirTmp + SWP + SolRad*Rain + 
AirTmp*SWP + SolRad*SWP 
11 SolRad + Rain + SoilTmp + AirTmp + SWP + SolRad*Rain + 
AirTmp*SWP + SoilTmp*SWP 
12 SolRad + Rain + SoilTmp + AirTmp + SWP + AirTmp*SWP + 
SolRad*SWP 
 
 
3.3. Results 
3.3.1. Microclimate and sap flow comparison between the treatments 
 Visually comparing SFV for each year, I found PS trees typically had higher SFV 
than MW trees on the same date. The possible reason for this is that spruce trees in MW are 
small and overtopped by broadleaves (Figure 3.1). 
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In both treatments, SFV changed throughout the year. In general, SFV declined in 
mid-summer (anytime from mid July to early August), and recovered in some seasons due to 
rains (e.g. year 2007) but remained low in other seasons (e.g. year 2012). In year 2007, for 
example, we can see a trend where sap flow appeared to decline due to low soil water 
potential in mid-summer, and recovered again due to the increase in soil water potential 
(Figure 3.2). Similar trends were also observed between air temperature and SFV (e.g. Figure 
3.3). There are some seasons when rainfall and soil moisture appeared adequate and we do 
not see the mid-summer decline (e.g. year 2013).  
Daily microclimate also differed between months for each treatment, and I noticed 
some similarities and differences between the treatments (Figure 3.4; Appendix 8.1, Figures 
8.1 and 8.2). For instance, MW showed lower SWP compared to PS over the growing season, 
with August and September being the months with the lowest SWP in MW (Figure 3.4).  
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Figure 3.2 Sap flow velocity of tree T5 located in the pure spruce treatment (PS) with soil water 
potential (SWP) in the PS, and tree T1 located in the mixedwood treatment (MW) with SWP in the 
MW over the 2007 growing season.  
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Figure 3.3 Sap flow velocity of tree T5 located in the pure spruce treatment (PS) with air temperature 
in the PS, and tree T1 located in the mixedwood treatment (MW) with air temperature in the MW 
over the 2007 growing season.  
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Figure 3.4 Comparison of daily mean of soil water potential (SWP) between pure spruce treatment 
(in red) and mixedwood treatment (in green) from 2007 to 2018 using box plots. Soil water potential 
ranges from 0 MPa to -1.5 MPa. Soil water potential of 0 MPa indicates that the soil is in a state of 
saturation, increasingly negative values occur as the soil becomes drier and water less available for 
the trees. The box plot visually shows the distribution of the data and skewness through displaying the 
interquartile range (box), median (horizontal line), whiskers (vertical lines) and outlines (circles). 
 
3.3.2. Model selection of daily sap flow throughout the growing season 
The best models to predict SFV in the growing season using all data and across the 
treatments were the models that included two-way interaction terms between variables that 
represented light or temperature, and moisture availability (Table 3.4). The full model with 
all two-way interactions (model 7) was the best model in PS. The model that excluded the 
interaction between solar radiation and rainfall (model 8) was the best model when using all 
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data and in MW.  
When comparing the AIC values across the models without interactions, the full 
model that included all the climate variables (model 1) was the best model across the 
treatments. In contrast, the model that excluded rainfall (model 2) was the best model when 
using all data, but with a very small AIC difference from model 1. 
I selected models 1 and 7 to examine and compare the relationship between SFV and 
climate, using all data and across the treatments. These two models were chosen because 
model 1 allowed the analysis of the direct effect of the climate variables in the SFV, and 
model 7 the analysis of the effect of the interaction between the climate variables in SFV. 
However, I focused more on the interpretation of model 7 since it was selected as the best 
overall model and included all the interactions.  
 
Table 3.4  Akaike information criterion (AIC) values of each of the 12 mixed effect models fitted 
using the full data set and across the pure spruce and mixedwood treatments throughout the growing 
season. The best models of SFV using the full data set and across the treatments are highlighted in 
gray. The best models without interaction are highlighted in bold. 
 All  
Pure 
Spruce 
Mixedwood  All  
Pure 
Spruce 
Mixedwood 
Model 
number 
AIC AIC AIC 
Model 
number 
AIC AIC AIC 
1 -44498.19 -21028.38 -24374.46 7 -44522.37 -21053.33 -24405.39 
2 -44498.90 -21026.23 -24367.73 8 -44522.81 -21047.92 -24406.56 
3 -44369.80 -20926.29 -24347.57 9 -44502.71 -21047.65 -24400.75 
4 -44265.51 -20895.13 -24225.16 10 -44497.13 -21051.54 -24403.99 
5 -43747.12 -20477.48 -24149.60 11 -44520.91 -21053.31 -24371.50 
6 -58248.85* -28336.10* -30796.23* 12 -44497.34 -21045.86 -24405.19 
*Models excluded from my analyses of the best model because this model excluded SWP, known to have great 
ecological relevance to sap flow. 
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3.3.3. Model selection of daily sap flow by season 
 The best models to predict SFV differed between the spring, early-summer and late-
summer for each treatment (Table 3.5). In PS, the best model to predict SFV in spring was 
model 1, which was the model without interactions that included all the variables (i.e. full 
model). In contrast, the best model to predict SFV in early-summer was the model 11 that 
excluded the interaction between solar radiation and SWP. In late-summer, the best model to 
predict SFV was model 8 that excluded the interaction between solar radiation and rainfall. In 
MW, models 1 and 8 were the best models to predict SFV in spring and early-summer, 
respectively. The best model to predict SFV in late-summer was model 12 that excluded solar 
radiation and rainfall. 
To examine and compare the relationships between SFV and climate between seasons 
in each treatment, I also selected models 1 and 7. However, here I also focused on the 
interpretation of model 7. Selecting models 1 and 7 also allowed us to analyze the 
relationships between SFV and climate when analyzing between seasons versus over the 
growing season for each treatment.  
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Table 3.5 Akaike information criterion (AIC) values of each of the 12 mixed effect models fitted using the full data set and across the pure spruce 
and mixedwood treatments. The best SFV models for each season across the treatments are highlighted in gray.  
 
 
Model without interaction Model with interaction 
  
Spring Early-summer Late-summer 
 
Spring Early-summer Late-summer 
 
Model 
number AIC AIC AIC 
Model 
number AIC AIC AIC 
Pure Spruce 1 -6749.47 -9384.93 -4948.66 7 -6742.36 -9406.17 -4950.59 
 
2 -6745.79 -9382.48 -4929.45 8 -6744.18 -9398.88 -4952.53 
 
3 -6712.60 -9324.23 -4943.30 9 -6744.35 -9393.19 -4951.16 
 
4 -6743.71 -9337.87 -4949.45 10 -6744.09 -9397.31 -4947.73 
 
5 -6570.02 -9140.58 -4909.08 11 -6743.97 -9406.47 -4950.01 
 
6 -9279.72* -10805.76* -8629.95* 12 -6745.91 -9389.64 -4949.59 
         
Mixedwood 1 -10235.25 -9928.17 -4462.77 7 -10233.37 -9971.37 -4465.85 
 
2 -10208.16 -9920.21 -4458.31 8 -10233.12 -9973.34 -4467.41 
 
3 -10200.44 -9917.38 -4463.04 9 -10234.89 -9973.32 -4467.67 
 
4 -10235.42 -9757.73 -4464.75 10 -10233.02 -9953.23 -4467.28 
 
5 -10170.41 -9807.74 -4463.00 11 -10233.99 -9958.72 -4457.38 
 
6 -10681.77* -11836.30* -8459.02* 12 -10232.66 -9955.20 -4468.91 
* Models excluded from my analyses of the best model because this model excluded SWP, known to have great ecological relevance to sap flow. 
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3.3.4. Mixed effect models of sap flow 
3.3.4.1. Climate and sap flow relationships throughout the growing season 
The mixed effect models without interaction showed that the variables in some cases 
differed regarding having a positive or negative relationship with SFV using all data and 
between PS and MW (Table 3.6). Higher mean daily rainfall and soil temperature decreased 
SFV, whereas higher air temperature increased SFV. Solar radiation and SWP were the only 
variables that differed between the two treatment types regarding their negative or positive 
influence on SFV. Higher solar radiation and SWP showed a positive relationship with SFV 
in the PS, whereas these variables in MW showed a negative relationship with SFV. 
The mixed effect models with interaction showed that the interactions between the 
variables in some cases differed regarding their influence on SFV (Appendix 8.2, Figure 8.5-
8.8). The two interactions that involved solar radiation variables were the only interactions 
whose direction differed between the two treatments. In PS, the increase in solar radiation 
slightly decreased SFV when rainfall was low and strongly decreased SFV when rainfall was 
high. In contrast, in MW, the increase in solar radiation increased SFV when rainfall was low 
or high, with a stronger increase when rainfall was high. Moreover, the increase in solar 
radiation in PS decreased SFV when SWP was low or high, with a stronger decrease when 
SWP was high. In MW, the increase in solar radiation increased SFV when SWP was low or 
high, with a stronger increase when SWP was low. 
 The interactions of air temperature and soil temperature with SWP differed between 
the two treatment types only with respect to the strength of interaction influences on SFV: 
with interaction strength being higher in PS in both cases. In both PS and MW, increases in 
air temperature positively influenced SFV when SWP was low or high, with stronger positive 
68 
 
influences when SWP was high. Again in both treatments, increases in soil temperature 
negatively impacted SFV when SWP was low or high, with stronger negative influences 
when SWP was high.  
 
Table 3.6 Mixed effect growth model structure of selected model and fitted coefficient values of 
climatic predictor variables using the full data set and across the treatment types over the growing 
season. The variables (i.e. direct effect) that differ across the treatment types regarding their negative 
or positive influence on SFV is highlighted in gray. The interactions that differ across the treatment 
types regarding their directions (i.e. positive or negative) is also highlighted in gray. 
  All  Pure Spruce Mixedwood 
Model  Variables Coefficient  Coefficient Coefficient 
Model 1 (Intercept) 0.0052 0.0056 0.0041 
 SolRad -0.0009 0.0029 -0.0024 
 Rain -0.0002 -0.0002 -0.0001 
 SoilTmp -0.0004 -0.0005 -0.0004 
 AirTmp 0.0006 0.0008 0.0003 
 SWP 0.0022 0.0046 -0.0002 
     
Model 7 (Intercept) 0.0052 0.0048 0.0048 
 SolRad -0.0011 0.0055 -0.0055 
 Rain -0.0001 -0.0001 -0.0001 
 SoilTmp -0.0005 -0.0005 -0.0004 
 AirTmp 0.0006 0.0009 0.0004 
 SWP 0.0033 0.0006 0.0039 
 SolRad: Rain -0.0002 -0.0007 0.0002 
 AirTmp: SWP 0.0004 0.0004 0.0002 
 SoilTmp: SWP -0.0005 -0.0003 -0.0002 
 SolRad: SWP -0.0064 0.0081 -0.0219 
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3.3.4.2. Climate and sap flow relationships by season 
 The results of the mixed effect model without interaction showed that some variables 
differed regarding having a positive or negative relationship on SFV between spring, early-
summer and late-summer in each treatment (Table 3.7). In PS, solar radiation was the only 
variable where the relationship with SFV differed between the seasons. Higher solar radiation 
increased SFV in spring and late-summer, and decreased SFV in early-summer. In all three 
seasons in PS, rainfall and soil temperature showed a negative relationship with SFV, 
whereas air temperature and SWP showed a positive relationship with SFV. 
 In MW, most of the variables fluctuated between a positive or a negative relationship 
with SFV between the seasons. Higher solar radiation and higher rainfall were both related to 
a decrease in SFV in spring and early-summer, and an increase in SFV in late-summer. Soil 
temperature and SWP showed a positive relationship with SFV in spring, and a negative 
relationship with SFV in early-summer and late-summer. Higher air temperature increased 
SFV in all three seasons in the MW. 
The results of the mixed effect models with interaction indicated that the interactions 
in some cases differed regarding their influence on SFV between seasons in each treatment 
(Table 3.7; Appendix 8.3, Figures 8.9-8.15). My results for PS showed that in spring, the 
increase in solar radiation positively influenced SFV when rainfall was low or high, with a 
stronger positive influence when rainfall was high. Similarly, in late-summer, the increase in 
solar radiation also positively influenced SFV when rainfall was low or high, but with a 
stronger positive influence when rainfall was low. In the early-summer, the increase in solar 
radiation slightly increased SFV when rainfall was low, and strongly decreased SFV when 
rainfall was high.  
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In both spring and late-summer in PS, the increase in air temperature showed a 
positive influence in SFV when SWP was low or high, with a stronger positive influence 
when SWP was high. In early-summer, the increase in air temperature also increased SFV 
when SWP was high, but decreased SFV when SWP was low. Moreover, in the spring, the 
increase in solar radiation increased SFV when SWP was low or high, with a stronger 
increase when SWP was high. In contrast, in the early-summer, the increase in solar radiation 
decreased SFV when SWP was low or high, with a stronger decrease when SWP was high. In 
late-summer, the increase in solar radiation strongly increased SFV when SWP was high, and 
decreased SFV when SWP was low. In all three seasons, the increase in soil temperature 
decreased SFV when SWP was high, and increased SFV when SWP was low.  
My results for the MW showed that in spring and late-summer, the increase in soil 
temperature increased SFV when SWP was high and strongly decreased SFV when SWP was 
low. In contrast, in early-summer the increase in soil temperature decreased SFV when SWP 
was low or high, with a stronger decrease when SWP was low. In spring and late-summer, 
the increase in solar radiation increased SFV when SWP was low or high, with a stronger 
increase when SWP was low. In the early-summer, the increase in solar radiation strongly 
increased SFV when SWP was low, and decreased SFV when SWP was high. 
In all three seasons in MW, the increase in solar radiation increased SFV irrespective 
of rainfall, but with a stronger increase when rainfall was high. Furthermore, in all three 
seasons, the increase in air temperature positively influenced SFV when SWP was high or 
low. However, the stronger positive influence of the air temperature on SFV occurred when 
SWP was low in the spring, and high in the late-summer. In early summer, the increase in air 
temperature showed a slightly stronger positive influence in SFV when SWP was low. 
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Table 3.7 Mixed effect growth model structure of selected model and fitted coefficient values of climatic predictor variables across the treatment 
for each season. The variables that differed regarding their negative or positive influence on SFV across the seasons in each treatment are 
highlighted in gray, with dark gray for the season that differed from the others. The interactions that differ between the seasons in each treatment 
regarding their directions (i.e. positive or negative) are also highlighted in gray, with dark gray for the season(s) that the interaction strongly 
differed from other(s). 
  
Pure Spruce Mixedwood 
 
Variables Spring Early-summer Late-summer Spring Early-summer Late-summer 
Model Coefficient  Coefficient Coefficient Coefficient Coefficient Coefficient Coefficient 
Model 1 (Intercept) 0.00549 0.00684 0.00182 0.00513 0.00957 0.00037 
 
SolRad 0.00631 -0.00427 0.01939 -0.00661 -0.00414 0.00748 
 
Rain -0.00037 -0.00020 -0.00017 -0.00023 -0.00006 0.00006 
 
SoilTmp -0.00034 -0.00080 -0.00026 0.00009 -0.00109 -0.00003 
 
AirTmp 0.00070 0.00112 0.00062 0.00026 0.00047 0.00009 
 
SWP 0.00398 0.00750 0.00160 0.00246 -0.00108 -0.00156 
        
Model 7 (Intercept) 0.00539 0.00630 0.00435 0.00549 0.00769 0.00032 
 
SolRad 0.00677 -0.00329 0.02526 -0.00839 -0.00702 -0.00213 
 
Rain -0.00041 -0.00004 -0.00012 -0.00035 -0.00008 -0.00006 
 
SoilTmp -0.00038 -0.00102 -0.00077 0.00016 -0.00076 0.00014 
 
AirTmp 0.00070 0.00128 0.00075 0.00025 0.00044 0.00010 
 
SWP 0.00244 0.00875 0.01061 0.00707 -0.00609 -0.00097 
 
SolRad: Rain 0.00031 -0.00089 -0.00027 0.00076 0.00003 0.00046 
 
AirTmp: SWP 0.00003 0.00138 0.00031 -0.00023 -0.00003 0.00006 
 
SoilTmp: SWP -0.00037 -0.00189 -0.00159 0.00096 0.00109 0.00029 
 
SolRad: SWP 0.00598 -0.01729 0.02161 -0.01778 -0.01963 -0.02377 
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3.4. Discussion  
Spruce sap flow responses to climate are dependent on stand composition and 
structure. My findings correspond to previous studies indicating that forest composition can 
influence the availability of limiting resources such as water and light throughout the year. 
For example, canopy openings resulting from the senescence of deciduous trees in a mixed 
stand allow for the release of more shade-tolerant, slow-growing conifers (Brassard and Chen 
2006). On the other hand, cloudy days could accentuate the shading of spruce growing under 
a deciduous canopy, further reducing access to light. The redistribution of soil water by aspen 
(Populus tremuloides Michx.) root systems can improve rooting-zone soil moisture conditions 
(Brown et al. 2014), which may benefit spruce planted under established aspen (Kabzems et 
al. 2016). Mixed species stands composed of trees capable of hydraulical water redistribution, 
have the potential to maintain high transpiration rates during periods of water shortage (i.e. 
low rainfall periods) (Brown et al. 2014). My findings reinforce the need to study sap flow 
taking into consideration stand composition and structure to better understand tree 
physiological responses to climate, and better project their responses to future climate 
scenarios.  
I demonstrate that it is better to assess how trees respond to climate by evaluating the 
interactions between climate variables instead of the direct effects of individual climate 
variables. In both stands, SFV reflects an interplay between the amount of soil water and both 
solar radiation and temperature. For example, a combination of warm temperatures and 
abundant soil water leads to higher SFV rates throughout the growing season in both stands.  
This finding highlights the challenges associated with trying to interpret how single variables 
impact sap flow. For example, the positive relationship between air temperature and SFV 
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found in all time scales across the stands is consistent with previous studies (Juhász et al. 
2013, Chang et al. 2014, Juice et al. 2016). However, the positive influence of air temperature 
in SFV is highly dependent on the water availability in the soil. A warming experiment in 
mature northern red oak (Quercus rubra L.) trees showed that soil moisture declined with 
increased temperatures, and that each soil moisture percentage decrease resulted in a decrease 
in sap flow of approximately 360 kg H2O m
−2 sapwood area day−1 (Juice et al. 2016). Small 
and McConnell (2008) suggest that simple and complex models frequently used to predict 
transpiration are not adequate to model the water balance in the spruce forest in northern New 
Mexico. They highlight the need for models that account for interactions between soil 
moisture and meteorological conditions. 
It is better to assess tree physiological responses to climate by analyzing shifts within 
the growing season rather than over the entire growing season. My results indicate that SFV 
responses to climate over the entire growing season do not correspond to the SFV responses 
within the season in each stand. Moreover, my study indicates that by breaking the growing 
season into three seasons, different SFV responses between seasons for each stand type can be 
identified. Thus, the evaluation of SFV and climate relationships in a finer temporal scale can 
better inform how spruce trees within each stand type respond to current and future climate 
conditions.  
Some climate variables are more important than others for predicting SFV in specific 
periods within the growing season in each stand type. My results show that the best model to 
predict SFV differed between the seasons in each stand. However, in some cases, there were 
minimal differences between the best model and the other models regarding their AIC values. 
I argue that breaking down the seasons in a finer scale might allow a better identification of 
the most important individual climate variables to predict sap flow, and the possible 
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interaction between these important climate variables. 
 By analyzing SFV responses to seasonal climate variability in each stand type we can 
better understand how trees are responding physiologically to the drought stress. Past studies 
have demonstrated that trees have a different mechanism to undergo drought stress (Anfodillo 
et al. 1998). However, most of these studies focused on tree responses to drought stress on a 
coarse scale (Pretzsch et al. 2013, Sullivan et al. 2017), and many of these studies focused 
attention on novel sap flow tree responses using experimental warming (Juice et al. 2016). By 
assessing SFV responses to climate on a finer scale, we can better inform when trees in each 
stand are likely to respond to drought with processes that can compromise their physiological 
integrity. 
Trees in each stand also show different SFV responses to the interplay between 
seasonal water available in the soil and air temperature. These differences can be attributed to 
the availability of the various resources between seasons in each stand type, as well as the 
trees exhibiting different strategies in response to drought stress. However, more study is 
necessary to understand the reason for such a different response of SFV to the interaction 
between air temperature and soil water potential found between seasons in each stand.  
The interaction between air temperature and SWP in SFV between the seasons in the 
PS suggests that higher air temperature more positively increases SFV when water is available 
in the soil during spring and late-summer. However, the interaction between air temperature 
and SWP in early-summer suggests that warmer air temperature increases SFV as long as 
there is sufficient water available in the soil, and decreases SFV with low water availability in 
the soil. The decrease in SFV as a response to higher air temperature and lower soil water 
potential suggests a water-saving behavior, where spruce closes stomata to conserve water 
during water stress. Spruce species display isohydric behavior, which reduces water 
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consumption and growth in the early phase of drought stress through stomata closure (Zang et 
al. 2012, Pretzsch et al. 2013, Sullivan et al. 2017). Norway spruce (Picea abies) and Swiss 
pine (Pinus cembra) were found to reduce sap flux rates during drought periods, suggesting 
this water-saving behaviour (Anfodillo et al. 1998). 
 In the mixedwood stand, the interaction between the air temperature and SWP in SFV 
between the seasons suggests that the increase in air temperature increases SFV even when 
soil water availability is low throughout the growing season. My results confirmed that in the 
late-summer, higher air temperature increases SFV as more water is available. However, a 
surprising result is the stronger influence of higher air temperature in SFV when there was 
low soil water available during spring and early-summer. Since spruce has a isohydric 
character, I do not expect that they will continue to transpire under water stress, as would a 
species with anisohydric behavior, such as European larch (Larix decidua) and European 
beech (Fagus sylvatica). 
 
3.5. Conclusion 
My work indicated that we can better predict spruce sap flow responses to climate 
throughout the growing season by using the interaction models, and that evaluating sap flow 
and climate relationships at a finer temporal scale can improve our understanding. Moreover, 
sap flow responses to climate variability depend on whether the tree is growing in the pure or 
mixedwood stands. A key finding of my work is that stand composition and structure are 
important determinants of how SFV in white spruce responds to fluctuations in climate 
variables within the growing season, and how they will respond to projected future climate 
scenarios. Spruce sap flow in both stands is likely to increase as the climate warms in 
northeastern British Columbia, increasing the demand for soil water. As this resource 
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becomes less available, white spruce in both stands are likely to respond with processes that 
can compromise their physiological integrity. Drought stress is likely to limit boreal white 
spruce growth under warmer future climates in pure and mixedwood stands in northeastern 
British Columbia. More studies on tree sap flow and climate relationships on a finer scale are 
needed to inform better how trees will respond to projected drought stress in different stand 
composition and structure. 
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4. Chapter 4: Conclusions 
 
The key finding of my thesis is that white spruce growth responses to inter and intra-
annual climate variability depends on the stand composition and structure. Assessing tree 
growth responses to climate variables in different time scales and the influence of stand 
composition and structure provide information that is essential for understanding, managing, 
and forecasting of forest stands. Previous studies have predominantly focused on tree growth 
and climate relationships at a coarse scale (i.e. yearly), mainly using a dendrochronological 
approach, and not taking into consideration the stand composition and structure. Moreover, 
many of these studies used climate variables from nearby climate stations instead of 
microclimate data measured from an on-site climate station. Studies (Barber et al. 2000, 
Cortini et al. 2011, Lloyd et al. 2013) demonstrated that white spruce (Picea glauca (Moench) 
Voss) is climate sensitive and has low resistance to drought, but there are very few studies of 
their responses to climate variability in a pure and mixedwood stands.  
To bridge the knowledge gaps, I studied how individual white spruce trees are 
influenced by inter and intra-annual variations in climate variables and how stand 
composition and structure influence their responses. Specifically, I had two main objectives: 
analysis of annual white spruce growth sensitivity to microclimate variables at different time 
scales, and their sensitivity in pure versus mixedwood stands (Chapter 2); analysis of white 
spruce sap flow sensitivity to microclimate variables at different time scales, and their 
sensitivity in pure versus mixedwood stands (Chapter 3).  
In this concluding chapter, I synthesize the main findings from each of the chapters 
while discussing the implications for white spruce performance in pure and mixedwood 
stands for projected climate shifts, and recommend future research directions. 
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4.1. Main findings and contributions 
 
Chapter 2: White spruce growth sensitivity to climate variability in pure and mixed stands. 
I found that the influence of soil water potential (SWP) and air temperature on spruce 
growth varies throughout the year. Similar to other studies, I concluded that seasonal and 
monthly climate predictor variables are more suitable to understand annual tree growth 
responses to climate than annual climate variables. I also argue that we can better understand 
how trees respond to climate by evaluating the interactions between climate variables instead 
of the direct effects of individual climate variables. In both stands, there is an interplay 
between the amount of water available in the soil and air temperature which influences annual 
white spruce growth.   
Similar to other studies (Barber et al. 2000, Wilmking et al. 2004), I found that warm 
springs increase spruce growth, and warm summers decrease spruce growth in both pure and 
mixedwood stands. However, here I analyzed the increase in air temperature with no 
interaction with soil water available. The increase in air temperature increases the demand for 
soil water, which is more available during spring, mainly because of the snowmelt. In the 
summer, soil water becomes less accessible, and air temperature increases. The increase in air 
temperature combined with low soil water tend to induce stomatal closure and reduces net 
photosynthesis. Another way to interpret this is that during the spring, spruce growth seems to 
be limited by air temperature, whereas in the summer, soil water appears to be the primary 
limiting variable. However, I did not compare the performance between the models with 
interaction and the models without interaction, thus my interpretation is based on a 
comparison between spruce growth responses to individual climate variables versus their 
responses to the interactions between the climate variables. 
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A key finding of Chapter 2 is that stand composition and structure are important 
determinants of how annual spruce growth responds to yearly fluctuations in seasonal air 
temperature and SWP variables, and how annual spruce growth will respond to projected 
future climate scenarios. Annual spruce growth responses to climate variability depends on 
whether it is growing in pure or mixedwood stands. An interesting finding is that spruce 
growth in pure stands has a positive relationship with SWP during spring and summer, while 
spruce growth in mixedwood stands has a negative relationship. I infer that the negative 
relationship between spruce growth and SWP during spring and summer in the mixedwood 
stands might be consistent with a drought stress mechanism. Spruce trees might not be 
benefiting from the water available in the soil, and competing trees might be the main factor 
influencing the availability of this resource. 
 Interaction model result indicates that in mixedwood stands, spruce growth positively 
responds to an increase in spring air temperature as long there is sufficient water available in 
the soil. Otherwise, spruce growth is negatively influenced by the increase in air temperature 
during spring. The negative influence of warm summer temperature to spruce growth in the 
mixedwood stand even when soil water levels were good support my hypothesis that drought 
stress is the key limiting variable. 
 It is unclear why air temperature positively increases spruce growth in pure spruce 
stands when soil water is low, and negatively influences spruce growth when soil water is 
high during spring and summer. Although monthly and seasonal climate variables are more 
suitable to predict annual spruce growth, we can derive a better understanding of the 
relationship between tree growth and climate variability by evaluating on a finer scale. The 
order of importance of climate variables, as well as the best annual and inter-annual climate 
predictors of annual spruce growth differ between the two stands. Thus, predictions of annual 
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spruce growth based on climate using annual variables and not taking into consideration stand 
composition and structure could lead to erroneous projections. 
Chapter 2 revealed that a combination of warmer temperatures and drought during 
summer will negatively affect spruce trees in pure and mixedwood stands in the studied 
region. White spruce growing in mixedwood stands might be more sensitive to drought stress 
than in pure stands due to the higher competition for limiting resources (primarily water). Soil 
water potential measurements taken from 1999 to 2017 on-site indicate that mixedwood 
stands are drier than pure white spruce stands, with August and September being the months 
with the lowest soil water potential in both stands. These results suggest that broadleaves are 
not improving soil water conditions with a hydraulic lift mechanism. Instead, my work 
suggests that broadleaves are limiting soil water and light access to spruce trees in the 
mixedwood stand during summer.  
The main question raised in this Chapter is how spruce trees are responding to climate 
variability on a finer scale, leading to my study in Chapter 3.  
 
Chapter 3: White spruce sap flow sensitivity to climate variability in pure and mixedwood 
stands. 
 Chapter 3 of this thesis analyzes the impact of a range of microclimate variables on the 
sap flow of white spruce trees in pure and mixedwood stands. A key finding is that it is 
necessary to assess a tree’s sap flow response to climate at a seasonal or finer temporal grain 
rather than over the entire growing season. My work indicates that by breaking the growing 
season into three seasons, there are different SFV responses between seasons for each stand 
type. Moreover, I also demonstrate that it is better to assess how trees respond to climate by 
evaluating the interactions between climate variables instead of the direct effects of individual 
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climate variables. In both stands, there is an interplay between the amount of soil water and 
both solar radiation and temperature to influence tree SFV.  
 A key finding of Chapter 3 is that stand composition and structure are important 
determinants of how SFV in white spruce responds to fluctuations in climate variables within 
the growing season, and how they will respond to projected future climate scenarios. Spruce 
SFV responses to climate variability depends on whether it is growing in pure or mixedwood 
stands. Thus, evaluating how spruce sap flow will respond to current and future climate 
variability, especially drought stress, using the entire growing season and not taking into 
consideration stand composition and structure could lead to erroneous projections. 
 I found that warm air temperature increases SFV within the growing season in both 
stands. However, spruce trees in the two stand types exhibited different SFV responses to the 
interplay between seasonal water available in the soil and air temperature. I hypothesize that 
the differences are related to the availability of resources between seasons in each stand type, 
and possibly to tree life-history strategies to drought stress in specific periods. In pure stands, 
higher air temperature positively increases SFV as more water is available in the soil during 
spring and late-summer. However, in the early-summer, warmer air temperature increases 
SFV as long as there is sufficient water available in the soil, and decreases SFV with low 
water availability in the soil, suggesting a water-saving strategy. In mixedwood stands, 
increase in air temperature positively influences SFV even when soil water availability is low 
throughout the growing season.  
The interaction between air temperature and SWP during summer results may suggest 
that SFV in the mixedwood stand is limited by low light during the summer, and when air 
temperature is high it is because it is sunny and there is more light. I argue that besides water, 
light could be another limited variable of SFV in the mixedwood stand during the summer. 
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However, I did not include photosynthetically active radiation (PAR) in my analysis, and I do 
not have any evidence that support the relationship of PAR and air temperature. If PAR is a 
limited variable of SFV during the summer, this would support even more my hypothesis that 
competition for limiting resources (e.g. water and light) is higher in the mixedwood stands 
comparing to the pure stands. In the mixedwood stand, PAR is high in the spring but declines 
in the summer (Appendix 6, Figure 6.7). Before leaf out, more light is available to spruce 
trees but after leaf out, broadleaves block light access to spruce trees beneath their canopy. 
Visually comparing SFV for each year for both stands, I found that SFV declines in 
mid-summer (anytime from mid-July to early summer), which is the same period where both 
stands have low soil water. I can see a trend that early in the growing season, SFV showed 
strong responses to the increase in air temperature corresponding to the period of ample soil 
availability. However in the mid-summer when SWP becomes limiting, SFV did not show 
strong responses to the increase in air temperature. My findings indicated that early in the 
growing season, SFV is primarily limited by air temperature, while by mid-summer, drought 
stress is the key limiting variable in both stands.  
Another interesting finding is that spruce trees in the mixedwood stand have lower 
SFV comparing to the spruce trees in the pure stand. The spruce trees in the mixedwood stand 
are small, slow-growing and overtopped by broadleaves. The spruce trees in pure stands are 
larger, more rapidly growing and their foliage is in full light. Sap flow velocity comparison 
between spruces in the stand types indicates that spruce trees in the pure stand are transpiring 
at a more rapid rate than spruces in the mixedwood stand. However, my sap flow 
measurements are expressed per unit area (mm3/mm2), which allows for differences in the 
total quantity of sap flowing up each tree. The soil in the mixedwood stands are drier than the 
pure spruce stands. Spruce in plot A3 (mixedwood treatment) suffered substantial mortality 
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and poor growth, while spruce in plot A2 (pure spruce treatment) had little mortality. 
Together, these findings support my hypothesis that drought conditions limit SFV and spruce 
growth in both stands, but drought might be more severe in the mixedwood stand than in the 
pure stand.  
Chapter 3 reinforced the main findings from Chapter 2 regarding the importance of 
stand composition and structure, interactions between the climate variables, and the need to 
study trees response to climate at a finer scale. Chapter 3 also asserts that drought stress is the 
main concern for the performance of white spruce trees in the two stands, and the concern of 
drought stress is even greater for the mixedwood stands compared to the pure spruce stands 
on my study site. Spruce sap flow in both stands is likely to increase as the climate warms, 
increasing the demand for soil water. As this resource becomes less available, white spruce in 
both stands are likely to respond with processes that can compromise their physiological 
integrity.  
Especially in ongoing changes in climate, soil water is the key factor to consider when 
deciding where to plant spruce trees and which species to mix with them to allow a favorable 
microclimate and competitive environment for trees to grow. Declining growth and increased 
mortality of spruce in boreal forests have generally been attributed to drought stress, and 
drought stress is projected to increase, especially during summer. A management possibility 
to reduce the negative impact of drought stress is the appropriate site selection to plant spruce 
trees. For example, evaluate the soil moisture regime of the site before planting the spruce 
trees and give preference for sites with high soil water holding capacity. In addition, site 
preparation to improve the microclimate experienced by the spruce seedlings and the control 
competition vegetation (Cortini et al. 2011). Another possibility is the selection of the 
appropriate species to mix with spruce trees that benefit the microclimate experienced by the 
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trees within this stand.  
 Forest managers should also consider how to adjust the competitive relationships that 
affect stand structure. For example, under drought prone-conditions, planting spruce trees 
under the understory beneath aspen and other broadleaves might negatively influence spruce 
growth due to the high competition for water and light. Instead, forest managers should 
develop strategies that give the spruce trees a competitive advantage so that they can grow 
above or at the same height as associated broadleaved trees. Foresters should also consider 
density management, for example, considering spacing (e.g. planting trees in a wider spacing) 
and thinning treatments as strategies of reducing moisture competition and maintaining tree 
health in mixed and pure stands during drought prone-conditions (Sohn et al. 2016).  
 
4.2. Future research 
Future research should study individual tree’s growth response to climate variables in 
pure and mixedwood stands, using a framework similar to what I used in my thesis, but on a 
finer time scale. For example, sap flow responses to climate variability in weekly or monthly 
time periods using hourly sap flow and climate variable measurements. This study might 
allows us to better identify the key limiting variables and interactions in each time scale, and 
to identify when in the summer soil water is most limited to spruce trees. In addition, since 
dendrochronology methods just allow the evaluation of tree growth data over both seasonal 
and annual timeframes, high resolution dendrometers can be used to measure intra-annual tree 
growth responses to climate since they provide continuous measurements of tree 
circumference. High resolution dendrometer data can also be linked to sap flow measurements 
to gain insight into the relationship between tree photosynthesis, sap flow, and fluctuations in 
bole diameter in response to microsite climate.  
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Future work could also investigate additional climate variables and their interactions. 
Theoretically, sap flow rates should be driven by the availability of photosynthetic active 
radiation, as well as being impacted by seasonal variables such as snow depth. Future studies 
could use a similar framework to my thesis to study other species in the mixedwood stands, 
providing answers to how trees within these stands compete or partition resources (especially 
water). For instance, many of the questions I raised in my thesis regarding competition for 
water could be answered if, for example, sap flow was also measured in the aspen and willow 
trees. Moreover, future study could also include a competition index in the model to predict 
sap flow and radial growth based on climate.  
 
4.3. Concluding remarks   
My thesis advances our understanding of how individual white spruce trees respond to 
climate variables in pure and mixedwood stands, provides information on expected changes in 
their sap flow and radial growth in relation to climate variability, and demonstrates the 
importance of appropriate site selection and management of these stands. This knowledge is 
needed for forest managers to develop strategic and operational plans in order to maximize 
forest sustainably and productivity in a current and projected changes in climate.  
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6. Appendix 1: Study area 
 
Figure 6.1 Inga Overview Map. The treatments that I used in this study are the untreated (mixedwood 
treatment, MW) with the plots A3, B7, C8, D1 and E7; and the herbicide (pure white spruce PS 
treatment) with the plots A2, B1, C5, D4 and E1. Map source: Powelson et al. (2016). 
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Figure 6.2 Inga Map. Mixedwood treatment with the plots A3, B7, C8, D1 and E7; and pure white 
spruce treatment with the plots A2, B1, C5, D4 and E1. Climate stations are located in the open area 
(west of plot A3), plot A3 and plot A2. Map image source: Vivid - Canada, DigitalGlobe (2014).  
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Figure 6.3 Illustration of pure spruce treatment- plot A2 (a) and mixedwood treatment- plot A3 (b). 
Date of the pictures: September 23, 2018 (fall).  
 
 
 
 
a) 
b) 
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Table 6.1 Total basal area (m2/ha) of all species, spruces and deciduous in circular neighborhood plots 
(n= 11) centered on selected spruce trees (t= 11) in plot A2 (pure spruce treatment) and in circular 
neighborhood plots (n= 4) centered on selected spruce trees (t= 4) in plot A3 (mixedwood treatment). 
Basal area calculated using the diameter at breast heigh (DBH) of all trees located in each circular 
neighborhood plot with radius of 5.98 m (0.011 ha). Tree identification (ID) refers to the selected 
spruce trees (i.e. focal trees) that circular neighborhood plots were centered.   
   Basal (DBH) area (m2/ha) 
Treatment Plot Tree ID Total (all species) Spruces Alder Aspen Willow 
Pure Spruce  A2 7 35.668 28.225 0 1.252 6.191 
  15 38.109 37.108 0 0 1.001 
  18 37.324 36.484 0 0 0.840 
  21 34.458 34.220 0 0 0.238 
  23 29.439 29.258 0 0 0.181 
  34 37.819 37.819 0 0 0 
  35 43.405 43.224 0 0 0.181 
  36 38.529 38.273 0.075 0 0.181 
  37 26.062 24.895 0 0.665 0.503 
  44 33.550 32.383 0 0 1.167 
  46 40.204 40.204 0 0 0 
        
Mixedwood  A3 3 38.311 1.174 0 22.555 14.581 
  4 13.438 0.189 0 4.651 8.599 
  11 41.281 1.628 0 13.836 25.817 
  859 46.353 0.593 0 36.402 9.359 
 
Figure 6.4 Illustration of the climate station opening west of plot A3 (mixedwood treatment). Area 
maintained in open condition by annual brushing; size is approximately 20 × 20 m. Date of the picture: 
August 24, 2018 (summer). 
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Figure 6.5 Illustration of the view of plot A3 (mixedwood treatment) from the area maintained in a 
open condition in the May (a) and September (b), 2019. 
 
 
 
 
 
 
a) 
b) 
106 
 
 
 
Figure 6.6 Illustration of tree core extraction from a spruce tree in pure spruce treatment- plot A2 (a) 
and a spruce tree in mixedwood treatment- plot A3 (b). Date of the pictures: August 24, 2018. 
 
 
Figure 6.7 Daily average photosynthetically active radiation (PAR) for the 2007 year at a height of 3.0 
m in the open area (west of plot A3) and at a height of 3.0 under the broadleaf canopy in the 
mixedwood treatment plot A3. 
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7. Appendix 2: Results for Chapter 2 
7.1. Random Forest (Liaw and Wiener 2002) results  
 
 
 
 
 
Figure 7.1 Relative importance of the 17 annual climatic predictor variables using the full data set. 
Each variable’s mean minimum depth refers to the average minimal depth that the variable within the 
Random Forest regression tree. Variable with lower mean minimum depth indicates a split closer to 
the root of the tree and an increased importance of the variable to spruce growth. The word “tree” 
refers to the regression trees. The number of trees means the number of runs of regression (10000 
runs). NA values indicate the variable was not used in an individual regression tree. 
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Figure 7.2 Relative importance of the 12 annual climatic predictor variables in the pure spruce 
treatment. 
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Figure 7.3 Relative importance of the 12 annual climatic predictor variables in the mixedwood 
treatment. 
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Figure 7.4 Relative importance of the 20 out of 46 seasonal climatic predictor variables in the pure 
spruce treatment. 
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Figure 7.5 Relative importance of the 20 out of 46 seasonal climatic predictor variables in the 
mixedwood treatment. 
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Figure 7.6 Relative importance of the 20 out of 138 monthly climatic predictor variables in the pure 
spruce treatment. 
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Figure 7.7 Relative importance of the 20 out of 138 monthly climatic predictor variables in the 
mixedwood treatment. 
 
 
Table 7.1 Random Forest (Liaw and Wiener 2002) selection and ranking of the 5 most important 
annual predictor variables for tree growth using the full data set.  
  Full data set 
Rank Annual variables 
1 SoilTmp_50cm_Annual             
2 ndays_AirTmp5_1.3m_Annual 
3 AirTmp_3.0m_Annual 
4 SolRad_3.0m_open_Annual 
5 SWP_15cm_Annual                  
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Table 7.2 Random Forest selection and ranking of the 5 most important annual, seasonal and monthly 
predictor variables for tree growth across the treatment types. 
 Pure Spruce Mixedwood 
Rank Annual  Annual  
1 Rain_open_Annual          SolRad_3.0m_open_Annual    
2 ndays_AirTmp5_1.3m_Annual SWP_15cm_Annual             
3 SoilTmp_50cm_Annual      AirTmp_3.0m_Annual          
4 SolRad_3.0m_open_Annual    SoilTmp_2.5cm_Annual       
5 AirTmp_3.0m_Annual        Rain_open_Annual 
                        
Rank Seasonal Seasonal  
1 ndays_AirTmp5_1.3m_Summer  AirTmp_1.3m_Winter 
2 AirTmp_3.0m_Summer         SolRad_3.0_open_Winter 
3 SoilTmp_2.5cm_Fall          ndays_AirTmp0_1.3m_Fall  
4 AirTmp_1.3m_Fall            ndays_AirTmp5_1.3m_Fall 
5 SoilTmp_2.5cm_Winter       SWP_50cm_Spring 
   
Rank Monthly  Monthly  
1 SoilTmp_2.5cm_Jan  ndays_AirTmp5_1.3m_Nov  
2 SolRad_3.0m_open_Feb     ndays_AirTmp5_1.3m_Sep  
3 SolRad_3.0m_open_Aug  Rain_open_Sep            
4 SolRad_3.0m_open_May SolRad_3.0_open_Dec 
5 SWP_15cm_Oct SolRad_3.0_open_Aug             
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7.2. Mixed effect models: Full data – Annual 
 
 
Table 7.3 Details of the best mixed effect growth models with and without two-way interaction terms using annual climatic predictor variables for 
the full data set. 
Full data set         
Best model without interaction   
Fixed effects Coefficient Std.Error DF t-value p-value Random effects  AIC 
(Intercept) 1.3968 0.1249 1057 11.1801 0.0000 Treatment 0.0201 -1212.52 
AirTmp_3.0m_Annual 0.0257 0.0058 1057 4.4396 0.0000 Plot in Treatment 3.08E-07  
ndays_AirTmp5_1.3m_Annual -0.0026 0.0009 1057 -3.0837 0.0021 
Tree_ID in Plot in 
Treatment 
2.46E-06  
SoilTmp_50cm_Annual -0.0764 0.0096 1057 -7.9301 0.0000 Residual 0.1394  
SolRad_3.0m_open_Annual 0.0039 0.0007 1057 5.5190 0.0000    
SWP_15cm_Annual -0.3308 0.0657 1057 -5.0353 0.0000    
         
Best model with interaction   
(Intercept) 2.0994 0.8651 1050 2.4269 0.0154 Treatment 0.0392 -1351.58 
AirTmp_3.0m_Annual 0.1733 0.1744 1050 0.9940 0.3205 Plot in Treatment 2.94E-07  
ndays_AirTmp5_1.3m_Annual -0.0125 0.0058 1050 -2.1498 0.0318 
Tree_ID in Plot in 
Treatment 
2.30E-06  
SoilTmp_50cm_Annual 0.2722 0.0706 1050 3.8544 0.0001 Residual 0.1300  
SolRad_3.0m_open_Annual -0.0387 0.0180 1050 -2.1494 0.0318    
SWP_15cm_Annual -6.5465 0.8879 1050 -7.3732 0.0000    
AirTmp_3.0m_Annual:ndays_AirTmp5_1.3m_Annual -0.0045 0.0013 1050 -3.5026 0.0005    
AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.0328 0.0088 1050 3.7243 0.0002    
AirTmp_3.0m_Annual:SolRad_3.0m_open_Annual 0.0082 0.0012 1050 6.7588 0.0000    
ndays_AirTmp5_1.3m_Annual:SolRad_3.0m_open_Annual 0.0004 0.0001 1050 3.3411 0.0009    
SoilTmp_50cm_Annual:SolRad_3.0m_open_Annual -0.0067 0.0011 1050 -5.9104 0.0000    
SoilTmp_50cm_Annual:SWP_15cm_Annual 0.8765 0.1159 1050 7.5616 0.0000    
SolRad_3.0m_open_Annual:SWP_15cm_Annual 0.0643 0.0118 1050 5.4302 0.0000    
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Figure 7.8 Interaction between annual air temperature and annual sum of number of days where air 
temperature is above 5 °C on spruce growth using the full data set. 
 
 
 
 
 
Figure 7.9 Interaction between annual air temperature and annual soil temperature on spruce growth 
using the full data set. 
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Figure 7.10 Interaction between annual air temperature and annual solar radiation on spruce growth 
using the full data set. 
 
 
 
 
 
Figure 7.11 Interaction between annual sum of number of days where air temperature is above 5 °C 
and solar radiation on spruce growth using the full data set. 
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Figure 7.12 Interaction between annual soil temperature and annual solar radiation on spruce growth 
using the full data set. 
 
 
 
 
 
Figure 7.13 Interaction between soil temperature and soil water potential on spruce growth using the 
full data set. 
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Figure 7.14 Interaction between annual solar radiation and soil water potential on spruce growth 
using the full data set.
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7.3. Mixed effect models: Across the treatments – Annual 
 
Table 7.4 Details of the best mixed effect growth models with and without two-way interaction terms using annual climatic predictor variables for 
the pure spruce treatment. 
Pure Spruce         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects  AIC 
(Intercept) 0.8158 0.0662 534 12.3235 0.0000 Plot 1.40E-06 -685.46 
AirTmp_3.0m_Annual 0.0251 0.0081 534 3.0870 0.0021 Tree_ID in Plot 1.42E-06  
Rain_open_Annual 0.0006 0.0001 534 10.1967 0.0000 Residual 0.1304  
SoilTmp_50cm_Annual -0.0844 0.0141 534 -5.9740 0.0000    
SolRad_3.0m_open_Annual 0.0028 0.0007 534 4.0369 0.0001    
SWP_15cm_Annual -0.9732 0.1165 534 -8.3506 0.0000    
         
Best model with interaction         
(Intercept) -6.5251 1.2683 526 -5.1450 0.0000 Plot 1.13E-06 -927.08 
AirTmp_3.0m_Annual 0.7194 0.1970 526 3.6512 0.0003 Tree_ID in Plot 1.15E-06  
Rain_open_Annual 0.0095 0.0011 526 8.9556 0.0000 Residual 0.1040  
SoilTmp_50cm_Annual 1.7126 0.2953 526 5.7991 0.0000    
SolRad_3.0m_open_Annual 0.0444 0.0083 526 5.3549 0.0000    
SWP_15cm_Annual -20.9467 4.3197 526 -4.8491 0.0000    
AirTmp_3.0m_Annual:Rain_open_Annual -0.0004 0.0001 526 -4.4859 0.0000    
AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.0788 0.0192 526 4.1043 0.0000    
AirTmp_3.0m_Annual:SolRad_3.0m_open_Annual -0.0193 0.0033 526 -5.8276 0.0000    
AirTmp_3.0m_Annual:SWP_15cm_Annual -0.7322 0.2873 526 -2.5487 0.0111    
Rain_open_Annual:SoilTmp_50cm_Annual -0.0030 0.0003 526 -8.5980 0.0000    
Rain_open_Annual:SWP_15cm_Annual -0.01194 0.001829 526 -6.5281 0.0000    
SoilTmp_50cm_Annual:SWP_15cm_Annual 8.569631 1.313505 526 6.5242 0.0000    
SolRad_3.0m_open_Annual:SWP_15cm_Annual -0.05792 0.031185 526 -1.8572 0.0638    
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Table 7.5 Details of the best mixed effect growth models with and without two-way interaction terms using annual climatic predictor variables for 
the mixedwood treatment. 
Mixedwood         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects  AIC 
(Intercept) 1.2427 0.0590 519 21.0472 0.0000 Plot 1.53E-06 -623.24 
AirTmp_3.0m_Annual 0.0304 0.0085 519 3.5911 0.0004 Tree_ID in Plot 1.52E-06  
Rain_open_Annual -0.0002 0.0001 519 -3.5242 0.0005 Residual 0.135753  
SoilTmp_50cm_Annual -0.0918 0.0131 519 -7.0127 0.0000    
SolRad_3.0m_open_Annual 0.0020 0.0007 519 3.1247 0.0019    
         
Best model with interaction         
(Intercept) 0.9850 0.8783 510 1.1215 0.2626 Plot 1.26E-06 -854.49 
AirTmp_3.0m_Annual -2.5458 0.2737 510 -9.3007 0.0000 Tree_ID in Plot 1.24E-06  
Rain_open_Annual 0.0048 0.0007 510 7.4150 0.0000 Residual 0.1084  
SoilTmp_50cm_Annual -0.7511 0.1899 510 -3.9553 0.0001    
SolRad_3.0m_open_Annual 0.1165 0.0134 510 8.6659 0.0000    
SWP_15cm_Annual -1.4004 1.7537 510 -0.7985 0.4249    
AirTmp_3.0m_Annual:Rain_open_Annual 0.0014 0.0003 510 4.6572 0.0000    
AirTmp_3.0m_Annual:SoilTmp_50cm_Annual 0.3420 0.0385 510 8.8921 0.0000    
AirTmp_3.0m_Annual:SWP_15cm_Annual -6.1797 0.6965 510 -8.8730 0.0000    
Rain_open_Annual:SoilTmp_50cm_Annual 0.0004 0.0001 510 3.1917 0.0015    
Rain_open_Annual:SolRad_3.0m_open_Annual -0.0002 0.0000 510 -11.0174 0.0000    
SoilTmp_50cm_Annual:SolRad_3.0m_open_Annual -0.0051 0.0025 510 -1.9957 0.0465    
SoilTmp_50cm_Annual:SWP_15cm_Annual -1.8687 0.5077 510 -3.6807 0.0003    
SolRad_3.0m_open_Annual:SWP_15cm_Annual 0.3574 0.0359 510 9.9661 0.0000    
         
122 
 
 
 
 
Figure 7.15 Interaction between annual air temperature and annual rainfall on spruce growth in the 
pure spruce treatment. 
 
 
 
 
 
Figure 7.16 Interaction between annual air temperature and annual soil temperature on spruce growth 
in the pure spruce treatment. 
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Figure 7.17 Interaction between annual air temperature and annual solar radiation on spruce growth 
in the pure spruce treatment. 
 
 
 
 
 
Figure 7.18 Interaction between annual air temperature and annual soil water potential on spruce 
growth in the pure spruce treatment. 
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Figure 7.19 Interaction between annual rainfall and annual soil temperature on spruce growth in the 
pure spruce treatment. 
 
 
 
 
 
Figure 7.20 Interaction between annual rainfall and soil water potential on spruce growth in the pure 
spruce treatment. 
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Figure 7.21 Interaction between annual soil temperature and annual soil water potential on spruce in 
the pure spruce treatment. 
 
 
 
 
Figure 7.22 Interaction between annual solar radiation and annual soil water potential on spruce 
growth in the pure spruce treatment. 
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Figure 7.23 Interaction between annual air temperature and annual rainfall on spruce growth in the 
mixedwood treatment. 
 
 
 
 
 
Figure 7.24 Interaction between annual air temperature and annual soil temperature on spruce growth 
in the mixedwood treatment. 
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Figure 7.25 Interaction between annual air temperature and annual soil water potential on spruce 
growth in the mixedwood treatment. 
 
 
 
 
 
Figure 7.26 Interaction between annual rainfall and annual soil temperature on spruce growth in the 
mixedwood treatment. 
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Figure 7.27 Interaction between annual rainfall and solar radiation on spruce growth in the 
mixedwood treatment. 
 
 
 
 
 
Figure 7.28 Interaction between annual soil temperature and annual solar radiation on spruce growth 
in the mixedwood treatment. 
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Figure 7.29 Interaction between annual soil temperature and annual soil water potential on spruce 
growth in the mixedwood treatment. 
 
 
 
 
 
Figure 7.30 Interaction between annual solar radiation and annual soil water potential on spruce 
growth in the mixedwood treatment. 
130 
 
 
 
7.4. Mixed effect models: Across the treatments – Seasonal 
 
Table 7.6 Details of the best mixed effect growth models with and without two-way interaction terms using seasonal climatic predictor variables 
for the pure spruce and mixedwood treatments. 
Pure Spruce         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects AIC 
(Intercept) 1.0105 0.0122 448 82.8069 0.0000 Plot  2.10E-06 -453.54 
AirTmp_3.0m_Spring 0.0147 0.0038 448 3.8931 0.0001 Tree_ID in Plot 1.84E-06  
SWP_15cm_Summer 0.1013 0.0314 448 3.2219 0.0014 Residual 0.1490  
         
Best model with interaction         
(Intercept) 1.0740 0.0227 446 47.2908 0.0000 Plot  2.09E-06 -460.61 
AirTmp_3.0m_Spring -0.0028 0.0070 446 -0.3985 0.6905 Tree_ID in Plot 1.83E-06  
SWP_15cm_Spring 0.3975 0.1202 446 3.3078 0.0010 Residual 0.1473  
SWP_15cm_Summer 0.1128 0.0321 446 3.5165 0.0005    
AirTmp_3.0m_Spring:SWP_15cm_Spring -0.0964 0.0304 446 -3.1679 0.0016    
         
Mixedwood         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects AIC 
(Intercept) 1.3854 0.1356 352 10.2172 0.0000 Plot  1.59E-06 -360.39 
AirTmp_3.0m_Summer -0.0331 0.0100 352 -3.2959 0.0011 Tree_ID in Plot 1.71E-06  
SWP_15cm_Spring -0.6713 0.1329 352 -5.0507 0.0000 Residual 0.1490  
         
Best model with interaction        
(Intercept) 1.2374 0.3521 348 3.5143 0.0005 Plot  1.51E-06 -442.21 
AirTmp_3.0m_Spring 0.2180 0.0223 348 9.7813 0.0000 Tree_ID in Plot 1.65E-06  
AirTmp_3.0m_Summer -0.0660 0.0254 348 -2.6042 0.0096 Residual 0.1326  
SWP_15cm_Spring -5.6627 0.5240 348 -10.8067 0.0000    
SWP_15cm_Summer -3.5513 1.0034 348 -3.5393 0.0005    
AirTmp_3.0m_Spring:SWP_15cm_Spring 1.8833 0.1907 348 9.8758 0.0000    
AirTmp_3.0m_Summer:SWP_15cm_Summer 0.2510 0.0719 348 3.4903 0.0005    
131 
 
 
 
 
 
Figure 7.31 Interaction between air temperature and soil water potential during spring and summer 
on spruce growth in the pure spruce treatment. 
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Figure 7.32 Interaction between air temperature and soil water potential during spring and summer 
on spruce growth in the mixedwood treatment. 
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7.5. Mixed effect models: Across the treatments – Monthly 
 
Table 7.7 Details of the best mixed effect growth models with and without two-way interaction terms using monthly climatic predictor variables 
for the pure spruce and mixedwood treatments. 
Pure Spruce         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects AIC 
Variable        
(Intercept) 0.9776 0.0450 476 21.7423 0.0000 Plot  1.89E-06 -485.45 
AirTmp_3.0m_Aug -0.0108 0.0050 476 -2.1741 0.0302 Tree_ID in Plot 1.77E-06  
AirTmp_3.0m_May 0.0168 0.0049 476 3.4155 0.0007 Residual 0.1481  
SWP_15cm_May -0.1265 0.0407 476 -3.1086 0.0020    
         
Best model with interaction         
(Intercept) 1.4605 0.0848 474 17.2183 0.0000 Plot  1.84E-06 AIC 
AirTmp_3.0m_Aug -0.0519 0.0079 474 -6.5617 0.0000 Tree_ID in Plot 1.71E-06 -523.92 
AirTmp_3.0m_May 0.0252 0.0049 474 5.1156 0.0000 Residual 0.1421  
SWP_15cm_Aug 1.2048 0.1844 474 6.5348 0.0000    
SWP_15cm_May -0.1302 0.0426 474 -3.0540 0.0024    
AirTmp_3.0m_Aug:SWP_15cm_Aug -0.0859 0.0130 474 -6.5981 0.0000    
         
Mixedwood         
Best model without interaction         
Fixed effects Coefficient Std.Error DF t-value p-value Random effects AIC 
(Intercept) 1.1042 0.0890 371 12.4088 0.0000 Plot  1.51E-06 -416.81 
AirTmp_3.0m_Aug -0.0134 0.0069 371 -1.9367 0.0535 Tree_ID in Plot 1.57E-06  
SWP_15cm_Aug 0.0392 0.0259 371 1.5143 0.1308 Residual 0.1420  
SWP_15cm_May -1.4246 0.1893 371 -7.5239 0.0000    
         
Best model with interaction         
(Intercept) 1.9536 0.2743 370 7.1211 0.0000 Plot  1.47E-06 -425.48 
AirTmp_3.0m_Aug -0.0746 0.0199 370 -3.7430 0.0002 Tree_ID in Plot 1.54E-06  
SWP_15cm_Aug 1.4040 0.4183 370 3.3562 0.0009 Residual 0.1401  
SWP_15cm_May -1.2312 0.1962 370 -6.2744 0.0000    
AirTmp_3.0m_Aug:SWP_15cm_Aug -0.1003 0.0307 370 -3.2686 0.0012    
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Figure 7.33 Interaction between air temperature and soil water potential in May and August on 
spruce growth in the pure spruce treatment. 
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Figure 7.34 Interaction between air temperature and soil water potential in May and August on 
spruce growth in the mixedwood treatment.
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7.6. Microclimate comparison between pure spruce and mixedwood treatments by 
month using daily data from 1999 to 2017 
 
 
Figure 7.35 Comparison of daily means of air temperature at height of 3.0 m between pure spruce and 
mixedwood treatments by month from 1999 to 2017. The box plot visually shows the distribution of the 
data and skewness through displaying the interquartile range (box), median (horizontal line), whiskers 
(vertical lines) and outlines (circles). 
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Figure 7.36 Comparison of  daily means of soil temperature at a depth of 15 cm between pure spruce and 
mixedwood treatments by month from 1999 to 2017. 
 
Figure 7.37 Comparison of daily mean of soil water potential (SWP) at a depth of 15 cm between pure 
spruce and mixedwood treatments by month from 1999 to 2017. 
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8. Appendix 3: Results for Chapter 3 
 
8.1. Microclimate comparison between pure spruce and mixedwood treatments by 
month using daily data from 2007 to 2018 
 
 
Figure 8.1 Comparison of daily mean of air temperature height of 3.0 m between pure spruce and 
mixedwood treatments by month from 2007 to 2018. The box plot visually shows the distribution of the 
data and skewness through displaying the interquartile range (box), median (horizontal line), whiskers 
(vertical lines) and outlines (circles). 
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Figure 8.2 Comparison of daily mean of soil temperature at a depth of 15 cm between pure spruce and 
mixed by month from 2007 to 2018. 
 
 
Figure 8.3 Daily sum of precipitation in the open area by month from 2007 to 2018.  
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Figure 8.4 Daily mean of solar radiation in the open area by month from 2007 to 2018. The box plot 
visually shows the distribution of the data and skewness through displaying the interquartile range (box), 
median (horizontal line), whiskers (vertical lines) and outlines (circles). 
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8.2. Mixed effect models: throughout the growing season 
 
 
Figure 8.5 Interaction between solar radiation and rainfall in the pure spruce treatment (a) and 
mixedwood treatment (b). 
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Figure 8.6 Interaction between air temperature and SWP in the pure spruce treatment (a) and mixedwood 
treatment (b). 
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Figure 8.7 Interaction between soil temperature and SWP in the pure spruce treatment (a) and 
mixedwood treatment (b). 
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Figure 8.8 Interaction between solar radiation and SWP in the pure spruce treatment (a) and mixedwood 
treatment (b). 
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8.3. Mixed effect models: between seasons 
 
 
 
Figure 8.9 Interaction between solar radiation and rainfall in spring (a), early-summer (b), and late-
summer (c) in the pure spruce treatment.
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Figure 8.10 Interaction between air temperature and SWP in spring (a), early-summer (b), and late-
summer (c) in the pure spruce treatment. 
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Figure 8.11 Interaction between soil temperature and SWP in spring (a), early-summer (b), and late-
summer (c) in the pure spruce treatment. 
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Figure 8.12 Interaction between solar radiation and SWP in spring (a), early-summer (b), and late-
summer (c) in the pure spruce treatment. 
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Figure 8.13 Interaction between solar radiation and rainfall in spring (a), early-summer (b), and late-
summer (c) in the mixedwood treatment. 
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Figure 8.14 Interaction between air temperature and SWP in spring (a), early-summer (b), and late-
summer (c) in the mixedwood treatment. 
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Figure 8.15 Interaction between soil temperature and SWP in spring (a), early-summer (b), and late-
summer (c) in the mixedwood treatment. 
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Figure 8.16 Interaction between solar radiation and SWP in spring (a), early-summer (b), and late-
summer (c) in the mixedwood treatment. 
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9. Appendix 4: Metadata for Chapter 2 and Chapter 3 
Table 9.1 Equipment descriptions for 1999-2018 climate stations. 
 
Location 
Measurement 
variable 
Position 
(cm) a 
Reps Sensor make/model Sensor type Other info 
20×20 m opening 
west of plot A3 
Air temperature 
+130 2 Home built/ fine wire 36 
AWG 
Cu-Co thermocouple Unshielded 
+300 2 
Rainfall b +60 or +80 1 
Sierra Misco/2501 or 
TE525m 
Tipping bucket  
Solar radiation +300 2 Li-Cor/LI200S Silicon pyranometer 
Serial # 22636 & 
22634 
Plot A3 
(mixedwood 
treatment) 
Air temperature 
+130 2 Home built/ fine wire 36 
AWG 
Cu-Co thermocouple Unshielded 
+300 2 
Soil temperature 
-2.5 3 
Home built/twisted 
soldered wire 
Cu-Co thermocouple  -15 3 
-50 3 
Soil water potential 
-2.5 3 
Campbell Scientific/223 
sensors manufactured by 
Delmhorst 
Gypsum block  -15 3 
-50 3 
-15 3 Gypsum block new 2011 
-15 2 Gypsum block new 2012 
-15 2 Gypsum block new 2018 
Sapflow c 
Spruce tree 
(N or S 
aspect) c 
3 Dynamax/TDP-30 Constant power; Delta T  
Plot A2 (pure 
spruce treatment) 
Air temperature 
+130 2 Home built/ fine wire 36 
AWG 
Cu-Co thermocouple Unshielded 
+300 2 
Soil temperature 
-2.5 3 
Home built/twisted 
soldered wire 
Cu-Co thermocouple  -15 3 
-50 3 
Soil water potential 
-2.5 3 
Gypsum block  
-15 3 
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-50 3 
Campbell Scientific/223 
sensors manufactured by 
Delmhorst 
-15 3 Gypsum block new 2011 
-15 2 Gypsum block new 2012 
-15 2 Gypsum block new 2018 
Sapflow c 
Spruce tree 
(N or S 
aspect) c 
3 Dynamax/TDP-30 Constant power; Delta T  
a Values for height (+) indicate height (cm) above the ground surface (regardless of whether mineral soil or organic material). Values for soil depth 
(-) indicate depth from the mineral soil forest floor interface.  
b Raingauge was not recording all tips from the tipping bucket during 2015 growing season. It was removed on 22 Sep 2015 and replaced with a 
TE 525m raingauge on 26 May 2016. 
c Sap flow velocity was measured on the north side of each spruce tree from 2007 to 2016, and on the south side of each spruce tree in 2017 and 
2018. 
 
 
Table 9.2 Sap flow velocity data removed from the data set prior to analysis. 
 
Year Day and Month Rationale 
2008 9 April to 19 May Bad data unexplained reason 
2009 7 June to 19 September Battery power to sensors failed due to broken wire 
2010 10 June to 24 September for tree #2 of plot A3 (mixedwood treatment) Bad data wiring panel problem 
2011 
All year for tree #2 of plot A3 (mixedwood treatment)  Bad data wiring panel problem 
From 28 August  Power for sapflow sensors ran out 
2012 
31 May to 22 September for tree #2 of plot A3 (mixedwood treatment) Bad data wiring panel problem 
7 to 30 May No battery power due to bad connection with solar panel 
2013 18 April to 21 September for tree #2 of plot A3 (mixedwood treatment) Sensor not working 
2014 13 May to 11 September for tree #2 of plot A3 (mixedwood treatment) Sensor not working 
2016 From 21 July for tree #2 of plot A3 (mixedwood treatment) Sensor not working 
2017 From June 11 Bad data unexplained reason 
2018 16 July to 22 September for tree #1 of plot A3 (mixedwood treatment)  Sensor damaged by a bear 
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Table 9.3 Years that measurements were included in the data set (x). Years that are not checked with “x” were either not measured in the year or 
presented measurement error over the entire year due to equipment problems and were not included in the data set. Hourly measurement errors 
were removed from the data set. Colours correspond to climate station locations. 
 
Climate station 
location 
Measurement year 
1
9
9
9
 
2
0
0
0
 
2
0
0
1
 
2
0
0
2
 
2
0
0
3
 
2
0
0
4
 
2
0
0
5
 
2
0
0
6
 
2
0
0
7
 
2
0
0
8
 
2
0
0
9
 
2
0
1
0
 
2
0
1
1
 
2
0
1
2
 
2
0
1
3
 
2
0
1
4
 
2
0
1
5
 
2
0
1
6
 
2
0
1
7
 
2
0
1
8
 
Year post-planting 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
20×20 m 
opening 
adjacent to plot 
A3 
Air temperature x x x x x x x x x x x x x x x x x x x x 
Rainfall x x x x x x x x x x x x x x x x x x x x 
Solar radiation x x x x x x x x x x x x x x x  x x  x x x 
Plot A3 
(mixedwood 
treatment) 
Air temperature  x x x x x x x x x x x x x x x x x x x x 
Soil temperature x x x x x x x x x x x x x x x x x x x x 
Soil water potential (1999 gypsum blocks) x x x x x x x x x x x x         
Soil water potential (2011 gypsum blocks)             x x x x x x x  
Soil water potential (2012 gypsum blocks)              x x x x x x x 
Soil water potential (2018 gypsum blocks)                    x 
Sapflow (N or S aspect) a         x x x x x x x x x x x x 
Plot A2 (pure 
spruce 
treatment) 
Air temperature x x x x x x x x x x x x x x x x x x x x 
Soil temperature x x x x x x x x x x x x x x x x x x x x 
Soil water potential (1999 gypsum blocks) x x x x x x x x x x x x         
Soil water potential (2011 gypsum blocks)             x x x x x x x  
Soil water potential (2012 gypsum blocks)              x x x x x x x 
Soil water potential (2018 gypsum blocks)                    x 
Sapflow (N or S aspect) a         x x x x x x x x x x x x 
a Sap flow velocity was measured on the north side of each spruce tree from 2007 to 2016, and on the south side of each spruce tree in 2017 and 
2018. 
